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1. Introduction

In urbanized areas, there is typically an imbalance between vehicle demand and road capacity, which inevitably

results in congestion. This, in turn, leads to slower travel speeds, longer trip times, and negative impacts on the
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Abstract

Traffic congestion remains a serious challenge in many developing countries, namely Small Island Developing States (SIDS),

causing long travel times during peak hours, increased economic pressure, and a decline in quality of life. Limited infrastructure

and a lack of publicly available traffic data make it difficult to assess the potential High Occupancy Vehicle (HOV) lanes can

provide in reducing congestion. To address this, traffic data from California’s Performance Measurement System (PeMS) was

used to construct an analytical model grounded in macroscopic, statistical relationships between vehicle density, speed, and travel

time. LOWESS (Locally Weighted Scatterplot Smoothing) techniques were applied to fit the nonlinear nature of these traffic flow

relationships. Using Trinidad and Tobago as the SIDS, Waze was used to identify congestion zones and provide real-time traffic

metrics for comparison. A hypothetical 30% reduction in vehicle density was modeled to estimate the potential impact of HOV

lane implementation, while their estimated speed and travel time were interpolated from the LOWESS plots. Under this scenario,

travel times were meaningfully reduced, bringing average speeds close to low congestion conditions and, in some cases, close to

free flow speeds. The analysis covered eight congested segments along several key routes, suggesting that HOV lanes could offer a

practical and affordable way to alleviate congestion.
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country’s economy. Aftabuzzaman (2007) noted the lack of a universally accepted definition of congestion. However,

for this study, the definition adopted is linked to Lomax et al. (1997) and Rosenbloom (1976), where congestion

arises when travel demand exceeds the existing road system capacity, resulting in excess delays compared to those

of free-flow conditions. As Aftabuzzaman (2007) explained, such conditions lead to increased travel time and costs,

which affect the behavior of drivers. This definition is relevant to this study, as it examines highway segments within

a developing country that suffers from traffic congestion and its effects during peak hours.

Traffic congestion imposes economic inefficiency, longer commute times, and reduced productivity. These con-

ditions are exacerbated by limited land availability, an abundance of privately owned vehicles, and fiscal limits, all

of which are characteristics to SIDS. In such cases, evaluating methods to alleviate congestion not only benefits its

citizens financially but also enhances their socioeconomic well-being.

2. Related Work

HOV lanes are designated lanes for vehicles carrying two or more occupants, which reduces the use of single-

passenger cars. This implementation incentivizes carpooling to alleviate congestion during peak travel periods (Naseri

2024, 1). Added, the success of HOV lanes largely depends on their design features, such as occupancy requirements

along with enforcement. Two-person minimum configurations have been the most successful when compared to three-

person minimums, mainly because they are easier for commuters to coordinate, Martin et al. (2004, 13). HOV lanes

are considered feasible, as they utilize existing infrastructure. They can be introduced on existing roadways, with

enforcement laws and additional incentives to assist in the public adoption of this policy. These characteristics allowed

HOV lanes to be experimented with.

SIDS faces limitations in infrastructure, funding, and public access to traffic flow data. In such contexts, simulation

provides a cost-effective and scalable approach to transportation planning. This allows researchers to evaluate the

feasibility of policies prior to deployment. Su et al. (2024, 2) highlighted that large traffic networks are best represented

and analyzed using macroscopic models, which do not require detailed modeling of vehicle-to-vehicle interactions.

Among traffic simulations, macroscopic simulations take the least computing time.

Traditional macroscopic simulation tools have been evaluated in studies and have proven to be useful for urban

development. However, these tools require data that are not publicly available, which makes it impractical in this

case and created a barrier to effectively deploying them for HOV analysis. As a result, this study adopts a macroscopic

modeling approach to produce an analytical estimation based on the statistical relationships formed from the empirical

traffic data. This method is suited for environments with limited access to data.

3. Methodology

This study utilizes PeMS data from District 3, which encompasses the Sacramento Metropolitan Area and is recog-

nized as an urban region (May et al. 2007, 55). These characteristics make District 3 a suitable point of comparison for

SIDS, as it features multilane highways entering densely populated areas and is expected to be affected by peak-hour

congestion. The combination of road structure and potential congestion serves as a reference for using this dataset to

assess the potential impact of HOV lanes in developing countries. In addition, District 3 has been used in previous

studies, such as May et al. (2007), to assess HOV lane performance, lending further support to its relevance in this

context.

This dataset contained over 1.38 million hourly records for January 2025, capturing traffic variables such as speed,

flow, occupancy, and station length. Roughly 61% of the dataset was complete across these variables. Median imputa-

tion was applied to approximately 500 thousand missing values, categorized by unique freeway number and absolute

post-mile marker. This ensured that the imputation was localized to the specific station’s position along each freeway.

Additionally, there were missing data related to the distance covered by stations and the number of lanes. To

address this, columns containing post-mile and lane information were extracted from the metadata file and merged

with the main dataset. Only records corresponding to Mainline (ML) lane types were retained for analysis. Finally,

speed was converted to meters per second, and the distance between stations was calculated using the differences in

their absolute post-mile values.
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We computed two important metrics. The Vehicles per km gives a measure of traffic density by showing how many

vehicles are present on average in each kilometer. This metric is useful for identifying congestion and its relationships,

since segments with higher vehicle density typically experience slower speeds and longer delays.

The Travel Time per km expresses travel time in seconds per kilometer and compares delay to the congestion

within segments. This metric gives a clearer view of how long it takes traffic to move across segments.

To examine how delay behaves with increasing traffic volume, a macroscopic modeling approach was used to

analyze the relationships between the traffic variables: vehicle density (veh/km), speed (km/h), and travel time per

kilometer (s/km) in the ML lane type configuration. These relationships were first plotted with binned data, as they

reduce the computation time, and then fitted with LOWESS smoothing to highlight the overall trends captured within

the dataset. Fig. 1a contains a plot of travel time versus vehicle density while Fig. 1b contains a plot of vehicle speed

versus vehicle density.

(a) Vehicle Density vs Travel Time (b) Vehicle Density vs. Speed

Fig 1. LOWESS Smoothed Relationships for 3-Lane Mainline Segments

These plots allowed for the relationship between varying levels of vehicle density and their corresponding changes

to travel time and speed to be observed. To apply the model to Trinidad and Tobago, Waze was used to identify

congestion segments along busy routes and the estimated speed within those segments. Four routes between cities

were studied that typically experience congestion during peak hours. These routes are illustrated in Fig. 2, which

shows the morning congestion zones for the Arima to Port of Spain route and the afternoon congestion zones for the

return route from Port of Spain to Arima. Similarly, Fig. 3 depicts the morning congestion zones for the San Fernando

to Port of Spain route and the afternoon congestion zones for the return route from Port of Spain to San Fernando. The

estimated speed values were then matched to the LOWESS curves where the corresponding density and travel time

per kilometer values were interpolated from the plots.

To assess the potential impact of HOV lanes, this study manipulated traffic density within the established relation-

ship between vehicle density, speed, and travel time. Specifically, a hypothetical scenario was modeled where vehicle

density was reduced by 30%, representing a shift towards carpooling as guided by the modeling strategy described by

Naseri et al. (2024). LOWESS curves from 3-lane Mainline segments were used to model this reduction and interpo-

late the resulting travel time and speed improvements. The 3-lane ML configuration was selected as it is structurally

similar to the routes being analyzed.

4. Results

To understand the distribution of key traffic variables after data cleaning, exploratory data analysis (EDA) was

conducted using histograms and boxplots. The histograms and boxplots revealed important distribution patterns in

the dataset. Travel Time exhibited a heavy right skew, with most values concentrated below 1000 seconds and a

long tail indicating occurrences of high congestion. Speed showed a roughly normal distribution centered around 30

m/s, with low-end outliers indicating slow traffic conditions and high-end outliers mostly falling between 33 and 35
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Fig 2. Congestion on the Arima to Port of Spain Route at 7am (top) and Port of Spain to Arima at 5pm (bottom).

m/s, with one instance exceeding 40 m/s. Total Flow was right-skewed, showing a median flow rate of nearly 1000

vehicles per hour and a vast number of outliers past 6000 vehicles per hour. The periods of low vehicle flow may

either indicate congestion periods or off-peak hours, while the outliers may point to peak hours of travel right before

congestion occurs. Distance between stations showed a strong right skew, with a few large gaps likely representing

missing sensors or long segments. These insights validated the need to retain outliers to preserve meaningful traffic

behaviors.

To model the nonlinear relationships between Vehicle Density, Speed and Travel Time, LOWESS was applied.

These observed relationships formed the basis for modeling congestion levels along real-world segments. For instance,

travel time per kilometer increased dramatically beyond 55 vehicles/km. Once congested zones were identified, Waze-

estimated travel speeds were used to extract the estimated vehicle density and travel time values from the LOWESS

graphs through interpolation.

Across all eight segments, the modeled time saved from the carpooling scenario ranged from 2.56 to 14.81 minutes,

depending on baseline traffic density and segment length. Table. 1 summarizes the time saved in each segment analysis.

A column was dedicated to the perceived impact based on the percentage of time saved. The defined thresholds were

as follows: moderate impact was assigned to segments with a percentage time saved between 30% and 39%, while

high impact was anything above 40%. These results formed the basis for evaluating the potential benefits of HOV

lanes on congestion across major urban corridors.

5. Discussion

Combining the traffic flow patterns extracted from California’s PeMS dataset alongside the congested segments

identified, the model estimated the effects of a 30% shift to carpooling on traffic conditions. As demonstrated in the

results section, a reduction in delay across all segments was observed along the Churchill Roosevelt, Uriah Butler,

and Solomon Hochoy Highways, with some benefiting more than others.
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Fig 3. Congestion on the San Fernando to Port of Spain Route at 7am (left) and Port of Spain to San Fernando at 5pm (right)

Table 1. Summary of Modeled HOV Effects by Segment

Segment Distance (km) Density (veh/km) Time Saved (min) % Time Saved Post-HOV Speed (km/h) Impact Category

Arima to POS 1 9.6 158 14.5 48% 35.68 High Impact

Arima to POS 2 9.3 95 5.67 43% 75.76 High Impact

San Fernando to POS 1 15.9 109 10.47 40% 61.42 High Impact

POS to Arima 1 7.0 132 5.61 37% 44.70 Moderate Impact

POS to Arima 2 4.8 176 10.41 53% 31.26 High Impact

POS to Arima 3 3.7 122 2.56 36% 49.86 Moderate Impact

POS to San Fernando 1 22.8 106 14.81 41% 64.53 High Impact

POS to San Fernando 2 13.9 135 11.89 38% 42.97 Moderate Impact

This chapter interprets the modeling results, evaluates their effectiveness locally, recognizes the limitations and the

assumptions, and provides policy recommendations and directions for future work. Through interpreting the findings

documented in the results section, the Modeled carpooling scenario improved travel speed and reduced travel time

across all eight segments, especially in zones with high congestion. High congestion was defined as any segment with

a baseline density exceeding 125 vehicles per kilometer, based on the threshold observed from Fig. 1a.

The effects of the model varied depending on factors such as the initial congestion level, length, baseline speed,

and travel time of the zones being evaluated. Segments with higher baseline densities and lower speeds experienced

the most improvement. For instance, Arima to Port of Spain Segment 1, one of the most congested routes, saw a

14.5-minute delay improvement. Likewise, Port of Spain to Arima Segment 2, despite only covering 4.8 kilometers,

recorded a 10.41-minute reduction in delay.
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Moderately congested segments also benefited from the modeled policy scenario. In the Port of Spain to San

Fernando segment 1, the baseline speed recorded was 38 kilometers per hour. However, the length of this segment

allowed for the increase in speed to accumulate over its distance, resulting in 14.81 minutes being saved. It is important

to note that this method only models the traffic flow conditions in ML lanes. By design, HOV lanes accommodate fewer

vehicles due to occupancy restrictions and, as a result, experience lower delays because of a reduced density. This is

supported by Fig. 1a which illustrates the inverse relationship between vehicle density and travel time. Evidently, the

modeled 30% reduction in traffic flow reflects the impact of carpooling, and HOV lanes may yield greater travel time

reductions than general-purpose lanes.

The outcomes identified from the modeling coincide with the principles of traffic flow theory outlined by Gerlough

and Huber (1975). As illustrated in Fig. 1a, travel time increases nonlinearly as vehicle density rises, especially

after crossing a specific threshold. While the congestion levels analyzed in this study did not reach their maximum

capacity, they were relatively high, resulting in long travel times. Therefore, a reduction in vehicle density for segments

approaching their maximum threshold would likely yield the greatest reduction in delay, while moderately congested

segments would still benefit, though to a lesser extent. This effect was especially evident when comparing the Arima

to the Port of Spain segments 1 and 2. Here, they both covered roughly the same distance, but segment 1 had a

significantly higher baseline density and saw greater travel time improvements under the HOV scenario.

These estimations support the literature on the usefulness of a macroscopic model for evaluating traffic policies

in congested areas and a data-limited environment (Ratrout and Rahman, 2009). While the implementation of HOV

lanes is not immediately feasible, this method provided the opportunity to evaluate its potential impact. The use of

LOWESS smoothing allowed for the nonlinear trends to be fitted, along with estimating the effects of the carpooling

HOV scenario. Notably, the modeled HOV conditions produced from these plots generated travel time estimates that

corresponded to low congestion conditions defined by Waze. The alignment between the modeled output and real-time

estimates lends credibility to the method used.

Due to the absence of publicly available traffic flow data, this evaluation used PeMS data from California’s District

3 to create a macroscopic model of conditions faced by developing countries. Additionally, Waze maps were used to

determine the congestion zones along the analyzed routes. This was an essential step to estimate traffic flow condi-

tions in the selected country, even though the reports were dependent on user feedback. The modeled travel time per

kilometer was generally consistent with the estimated travel time from Waze, thereby strengthening the decision to

use PeMS-derived relationships as an alternative for local traffic behavior. The carpooling adoption rate applied in this

study served as a reasonable first estimate, which reflects reluctance to carpool and leaves room for future growth.

This model provides a foundation for policies aimed at reducing congestion. All policies proposed below are built

around the idea that, during peak congestion hours, one of the three highway lanes would temporarily be converted

into an HOV lane, supported by government enforcement and incentives. For example, during the morning peak,

one of the three inbound lanes toward Port of Spain can be designated for HOV use and then later reverted back

to general-purpose lanes once this period has passed, with the outbound lanes applying the same reasoning for the

afternoon peak.

• Hybrid HOV-Public Transport Model: This policy comprises a hybrid approach that merges carpooling with

existing public transportation. For instance, commuters from high-traffic areas, such as Arima and San Fer-

nando, can travel to a designated centralized hub. Here, public transport such as PTSC buses may carry pas-

sengers to Port of Spain during the morning peak. In the evening, passengers can return to these hubs for

transportation. This aims to reduce the number of single-occupancy vehicles entering and leaving Port of Spain

as observed in Thorne et al. (2024, 13). Added, this method caters to individuals who are not willing to carpool.

• Enforcement and Incentives: Enforcement goes hand in hand with the effectiveness of HOV lanes, as seen

from the Jakarta incident documented by Cohen et al. (2022). To avoid a similar issue, giving priority signage

for vehicles with two or more passengers, along with adding designated HOV-only entry and exit ramps, is

necessary and may be enhanced using a camera monitoring system. Furthermore, incentives should be offered

to those willing to use the hybrid HOV public transport policy, such as dedicated parking and reduced parking

fees at hubs.
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• Scalability: While this study focused on specific routes, the same methodology may be applied to other highway

routes where congestion usually occurs and other developing states. This promotes a scalable, cost-efficient

method of congestion management.

This research was faced with several limitations due to data availability and assumptions required for local rele-

vance. First, while the PeMS data set is detailed, it is based on California’s infrastructure and driver behavior. Although

there were similarities, such as highways passing through densely populated areas, the data may not accurately rep-

resent the relationships between driving habits, vehicle types, and drivers’ reactions to congestion in Trinidad and

Tobago. It also affects how values were estimated in the local context. As sensor data for local roadways was not

available, vehicle density and travel time were interpolated from LOWESS plots using an estimated speed from Waze.

The use of this dataset and its values assumes that it accurately represents conditions in the country being studied.

While internal validation with generated and real-time values was seemingly consistent, the results should be inter-

preted specifically as approximations. Second, while a 30% reduction in vehicle density was applied uniformly across

all segments, carpooling adoption is likely to vary with factors such as the time of day, crime rate, or the route. This

assumption was made to allow for a consistent, baseline comparison across segments. Third, the identification of con-

gestion zones relied on Waze, which may introduce potential errors. This is because Waze depends on user reports,

and as they do not store historical congestion snapshots, congestion segments had to be captured in real time.

For example, on the day data was collected, Waze estimated the morning travel time from Arima to Port of Spain

during peak hours to be 1 hour and 5 minutes. This contradicted comments from drivers during these peak hours, who

often reported travel times taking up to 2 hours. Google Maps was referenced, and the estimated times ranged from

50 minutes to 1 hour and 50 minutes. This suggested that on the day data was collected, congestion was not at its

peak and was assumed to be the result of the hybridization of work. This assumption aligned with the observation

that only two segments had estimated densities exceeding 150 vehicles per kilometer. Referring to the analysis of

the results, travel time reduction is expected to scale with congestion, meaning the model could provide even more

impactful results under higher congestion. These assumptions and limitations highlight the challenges of evaluating

traffic policies in a data-limited environment.

6. Conclusions and Future Work

Driven by the goal of evaluating whether HOV lanes could meaningfully reduce traffic congestion, the limited in-

frastructure, funding constraints, and lack of publicly available traffic data faced by SIDS posed a unique challenge. To

counteract this, a macroscopic model was developed using California’s PeMS dataset, paired with LOWESS smooth-

ing and real-time congestion segments identified by Waze.

The model analyzed eight peak-hour congestion segments in Trinidad and Tobago, spanning routes from Arima,

San Fernando, and Port of Spain. Applying a 30% reduction in vehicle density, representing potential carpool adoption,

produced improvements in travel speed and travel time, which were similar to low congestion conditions identified

by Waze. In the highest congestion segment, the Port of Spain to Arima segment 2, speeds nearly doubled from 14.4

km/h to 31.27 km/h, with a reduction in delay by 10.41 minutes in just 4.8 kilometers. Notably, even moderately con-

gested areas showed improvements, indicating that the benefits of HOV lanes are not limited to the highest congested

segments.

While the study relied on international data and included several assumptions, the modeling approach provided a

solid foundation for testing traffic policies in data-limited environments. The use of Waze for identifying congestion

segments, while dependent on user data, served as a reasonable proxy in the absence of sensor data.

Collectively, the study offers a practical framework for evaluating congestion management policies in SIDS. This

data-driven approach highlights how congestion can be effectively reduced by simply using existing infrastructure

better, making it an affordable and practical method.

There are areas to explore for future research that may strengthen the findings. Firstly, collecting primary data on

drivers’ willingness to carpool in Trinidad and Tobago through surveys. These would be targeted at drivers in specific

locations, so the carpooling adoption rate applied would be specific to the route taken. This would allow for a more

realistic scenario based on local behavior rather than relying on international findings. This method could also be

applied to any developing state being analyzed. Secondly, this model can be validated by installing road sensors along
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the examined routes to determine if the vehicle density, speed, and travel times estimated from the LOWESS graphs

accurately capture local behavior.
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