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Abstract 

 

Roundabouts have been decisive in road traffic and network planning since the beginning of the 20th 

century and have adapted to numerous layout impositions in order to provide tailored solutions in each 

city. However, with each of these new layouts comes a certain difficulty in predicting both their 

performance levels, as well as their fit for purpose towards drivers. Also, different methodologies 

regarding roundabout evaluation have emerged over the last 30 years, turning the process of pre-

dimensioning and figuring out if a certain layout fits from a streamlined approach into a method-based 

approach. 

Directly tied to roundabout planning, data collection and evaluation is crucial to any traffic-related 

activity, especially when performing a scenario evolution evaluation. For roundabouts, specific methods 

should be used, by enforcing airborne methods or video detection methods rather than vehicle counting. 

Despite having an initial approach based on stochastic methods and classic analytical approaches, 

roundabout simulation provides a much better fit towards a tailor-made solution, such as target, flower or 

turbo roundabouts. Also, including parameter variation such as gap acceptance, vehicle acceleration and 

car-following methods provide much smoother approaches from the simulated versions to the real-life 

scenario. 

In this thesis, a layout change is monitored and evaluated for a specific case study: the Marquês de 

Pombal roundabout in Lisbon, Portugal. Essentially, a comparison will be attempted in order to provide 

clear conclusions over whether the layout change significantly improved driving conditions in the case 

study. 
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Resumo 

 

As rotundas têm sido decisivas no planeamento de redes e reorganização do tráfego rodoviário 

desde o início do séc. XX, tendo sido adaptadas em várias localizações restritas para providenciar 

soluções pormenorizadas para cada cidade. Contudo, com cada uma destas soluções, surge uma 

inerente dificuldade em prever tanto o seu nível de serviço como o seu propósito do ponto de vista de 

performance e de adesão pelos condutores. Diferentes metodologias sobre a avaliação de rotundas 

surgiram nos últimos 30 anos, passando-se de uma sequência linear de tarefas para um pré-

dimensionamento e determinação de uma geometria específica, concordante com uma abordagem multi-

método. 

Derivada do dimensionamento de rotundas surge a avaliação e recolha de dados, crucial a qualquer 

atividade de tráfego e, em especial, na evolução de um caso de estudo. Para rotundas, métodos 

específicos de recolha de informação podem ser utilizados, como captura aérea de informação ou 

deteção de vídeo ao invés de simples contagem de veículos. 

Embora com base em métodos estocásticos ou analíticos clássicos, a simulação de tráfego faculta 

uma aproximação da solução pretendida melhor adaptada ao ambiente urbano em que se insere, como 

uma rotunda target, flower ou turbo-rotunda. Com a variabilidade de parâmetros em busca de uma 

solução mais detalhada, nomeadamente sobre gap acceptance, aceleração de veículos e metodologias 

de car following, os resultados da micro-simulação aproximam-se cada vez mais da sua contraparte real. 

Nesta dissertação, uma mudança de geometria é monitorizada e avaliada para um caso de estudo 

em concreto: a rotunda do Marquês de Pombal em Lisboa, Portugal. Essencialmente, a comparação 

entre ambos os cenários, existente e realizado, tentará retirar conclusões claras sobre a eficácia da 

mudança do cenário, tanto sobre as condições de condução como sobre parâmetros de tráfego. 

 

 

 

 

 

 

 

 

 

 

 

 

Palavras chave: 

Avaliação rotundas, micro-simulação de tráfego, avaliação de dados, sistemas de video-deteção 



1 
 

 

1. Introduction and focus for this dissertation 

 

In this chapter, the intended milestones are: 

• Explaining the general scope of the thesis; 

• Highlighting the main questions and motivations that generated this work; 

• Defining goals and main questions to be answered; 

• Explaining the thesis’ contents and structure. 

 

1.1 Contextualization 

The main drive for the evolution of a city is its constraints, both physical and decisional. Only when 

faced with lacklustre responses towards mobility demands allied with an inability to properly measure the 

current state-of-the-art, will a municipality or decision-maker be able to establish the minimum baseline for 

technological advance and ensure that said city will thrive. 

The need to adapt and fight this complacency is directly connected to a continuous necessity to 

evaluate each intersection, junction or knot existing in a network. Traffic planning and simulation become 

an inherent tool for engineers to help design the future cities, letting go of an old obsession for expanding 

roadways and infrastructures in an unbridled manner and choosing to optimize pre-existing routes. The 

next logical step is to supply this information to the driver, to facilitate decision making. Yet, even as this 

technology is directly connected to an everyday device such as a smartphone, there are still gaps in both 

the data acquisition systems and the prediction models. Although in a small part, it comprises the dawn of 

a smart city from a mobility point of view. 

In Portugal, a lack of a legal standard guideline textbook such as in the United States, United Kingdom 

and Germany has led to a simulation-based preference.1 Provided that the analyst has up-to-date traffic 

information, it is possible to simulate several areas at once to predict possible traffic outcomes, resulting in 

a multitude of scenarios with different acceptance criteria. Being able to create a model that allows a 

decision maker to weigh the financial effort associated with this change and the added benefit of the network 

and city congestion is a main driver for a successful city planning strategist. Being able to verify when an 

intervention was successful or not, and either learning from mistakes made or translating that into a new 

methodology also becomes a main driver for scholars and national regulation agencies. Being able to 

incorporate this logical thinking into mobile applications, vehicle dashboards and cloud-based systems is 

currently the main driver for industry and mobility companies. In the centre of this triangle, you will find 

traffic engineering. 

With the rapid development of technological aspects and with the focus turned to faster communication 

channels, new forms of detection devices and rise of the Internet of Things (IoT), some of the more analytic 

side of the equation appears to be forgotten. To create a smart city, decision-makers often turn their heads 

towards adaptive models and ask for a plethora of information, without even bothering to understand if they 

will need all of it. Also, some investments are thoroughly applied in top-tier predictive systems without a 

solid foundation of traffic and pedestrian detectors present. 

 

1.2 Main challenges and motivation for this thesis 

With the context, this thesis sets out to evaluate one of the most significant changes in Lisbon’s road 

network. In the proposed case study, the Marquês de Pombal roundabout has been adapted from a colossal 

                                                             
1 Several printed papers provided by Instituto de Infraestruturas Rodoviárias (InIR) are used as dimensioning principles, 
yet are merely indicative 
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four-lane signalized roundabout to an extremely rare double roundabout measure, the first of its kind in 

Portugal. 

The method to achieve this will be to gather enough information about its former scenario to be able to 

perform a before and after comparison. To do that, it will be necessary to retrieve some information logs 

from the municipality as well as acquire new traffic data, representative of this new model. As part of this 

thesis, the choice of data collection process will also greatly impact the output and consistency of the input 

traffic data for the simulation. From then on, the analytic methodology comes into play: presenting the new 

scenario, evaluating both the older and more recent ones regarding traffic loads and metrics, confirming 

these calculations with simulation and proving whether each approach was fit for its time and if a double 

roundabout outperforms a higher capacity single roundabout. 

 

1.3 Main goals 

To translate into actual goals, four main questions have been devised and will be thoroughly explored 

in the subsequent chapters. By the end of this work, the same questions will be revised and properly 

answer. 

• How much has changed from 2010 up until the rearrangement of the case study roundabout, 

regarding data collection, roundabout structure and driver awareness? 

• Are the theoretical predictions made based on established models accurate when compared 

to micro-simulation modelling? 

• Which parameters will influence a simulation-based roundabout concept more heavily? 

• Comparatively for the case study situation, which was the most adequate roundabout model? 

 

1.4 Dissertation structure and contents 

This document is comprised of the following chapters: 

 

1. Introduction and focus for this paper. This chapter introduces the general theme behind the 

traffic evaluation methodology and evaluation, while slightly delving into what comprises of a 

Smart City concept. 

2. Video detection systems: from singular detection to video-based applications and 

multiple ITS supportability. This chapter follows the evolution of one of the most versatile 

video detection companies throughout the years and evaluates one of its most proficient 

equipment, in a multi-technological approach. Then, it sets out to gauge the current advances 

being made for in-vehicle technology, more specifically in-vehicle detection and safety support 

systems. Finally, it concludes towards what can be expected of a connected vehicle towards 

data acquisition and its role in upcoming ITS systems present in smart cities. 

3. Roundabouts – from infrastructural components to traffic models. This chapter helps to 

understand the evolution of roundabouts, both from a conceptual and evaluation point of view. 

It also lists the most common capacity evaluation methods used in Europe and North America. 

It then considers the multiple micro-simulation aspects for roundabout modelling, as well as the 

main differences between two common simulation software.  

4. Case study presentation: Marquês de Pombal roundabout. This chapter introduces the 

case study location and history, helping to put into context the subsequent evolution throughout 
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the years. It also introduces some of the challenges regarding data gathering and compilation. 

Finally, it introduces a new concept for data recording and evaluation, while exploring its 

viability and opening a potential product for the future. 

5. Supporting the models: from confidence intervals to HCM2010/FCTUC methodology. 

This chapter follows with the statistic comparison of the data gathered in the previous chapter 

as well as checking the viability of the newly collected data when opposed to the one provided 

by Lisbon’s municipality. It also helps to identify, for the existing database, the minimum amount 

of simulations needed to validate the model. Finally, it brings the data tables to conclude the 

theoretical approach for a level of service evaluation, following the two chosen methods: 

HCM2010 and FCTUC.2 

6. Building the models and scenario comparison. This chapter identifies several issues when 

devising the modelling scenario and establishes the two main roundabout models, leading to 

initial conclusions towards their adequacy. It then refines the parameters to further enhance 

the output provided by the simulation models. Finally, it breaks both scenarios into a complex 

scenario that shows a transformed traffic flow, necessary to equally compare both roundabout 

concepts. 

7. Conclusions, challenges and improvements. This chapter concludes the work started with 

chapters 4, 5 and 6 and aims to answer the fundamental questions proposed in chapter 1. It 

also safeguards several simplifications behind this work by identifying several improvements 

that should be made to provide a more thorough response. Finally, it leaves some open ends 

for further work that can be related to this theme, as well as devising a business idea that is 

currently being explored. 

  

                                                             
2 Any references not explained in this chapter will be addressed in due time 
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2. Video detection systems: from singular detection to video-based 

applications and multiple ITS supportability. 

 

In this chapter, the intended milestones are: 

• Understanding the evolution of video detection systems as viable resources; 

• Explaining the impending versatility and inevitable expansion to video-based applications; 

• Connecting their development with the rise of several ITS solutions; 

• Supporting the video-based applications role in this thesis’ scope. 

 

2.1 Video detection systems vs. inductive loops. Video as a viable resource 

2.1.1 Introduction 

With the increase in number and complexity of road network systems, there has been a natural need 

to monitor, control and optimize said systems, to create a sustainable and rapid solution for users and/or 

bystanders (i.e. pedestrians). Initial methods were originally implemented using inductive loop systems, to 

detect the passing or presence of vehicles over a specific area. Also, the benefits from inductive loop 

systems were significant in data collecting, both for traffic signal controlling and monitoring as well as 

counting vehicle flows past certain points to allow several indicators to be specifically traced and analysed. 

[Koerner, 1976] 

However, with the digitalization of visual imagery and processor advancements, new methodologies 

based in visual recognition would emerge. Moreover, both urban and rural roadway sections would benefit 

from the active development of digital imaging technologies throughout the years, establishing new 

approaches based on the same principles that established previous vehicle detection systems. One of the 

first patented vehicle detection system was developed by Michalopolous et al. in 1989, and included: a 

camera as a provider of visual recognition (early attempts were also made using infrared sensors); a 

digitizer that could identify characteristic arrays of pixels, regarding area of field; a monitor-terminal-

formatter association, to allow choosing of a specific section of arrays, that were later processed and 

quantified (in intensity values) by a microprocessor, generating data that could both be used as a direct 

input in real-time data surveillance, or stored for control and monitoring purposes. [Michalopolous, P. et al, 

1989] 

Associated with these new findings, Michalopolous et al. believed that combining the machine vision 

allowed by recent visual imagery processes with a wider area of surveillance would create an optimized 

solution regarding urban traffic congestion problems. By testing what would be known as Wide Area 

Detection System (WADS) under different traffic and weather conditions, the system proved to replicate 

earlier inductive loop detectors with high accuracy levels and with more accurate speed measurements. 

Although complex and with high associated costs, the paper concluded that easy employment of WADS 

would allow multiple wireless detections, which would reflect in the possibility to accomplish several 

functions simultaneously. [Michalopolous, P. et al, 1990] 

Although in its initial state, high prospects were maintained for Video Image Detection Systems (VIDS), 

and throughout the decades, sturdier models ensured the need for continuous research and update. This 

work follows the evolutionary path of video detection, from its early study phases made by various 

Departments of Transportation (DoT) to full-fledged autonomous systems, to further emphasize the impact 

it reflected in traffic parameters extraction and understanding. 

 

2.1.2 Inductive loop’s supremacy as a traffic detector 

With the dawn of traffic actuated controllers and adaptive traffic control in the early 80’s and until the 

beginning of the 90’s, induction loops were considered the sole and therefore standard solution regarding 
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data gathering from stationary or moving vehicles. To this day, they are still used in numerous occasions 

throughout the world due to their accessible installation methods and costs. 

For a proper inductive loop system, three different equipment should be considered: the loop cable 

itself, made out of copper with usually some rubber insulation and neoprene sheath; a detection module, 

either a stand-alone or incorporated into a traffic controller, to detect and scramble the signals sent when 

the loop is activated; and an extension cable ranging from the loop to the detection module, usually sealed 

in the last manhole before connecting to the loop to prevent signal loss. 

Inductive loops function as follows: the two ends of the same cable (after being carefully turned three 

to five times accordingly) are connected to the extension cable and then to the detector module. By being 

powered on, the detector module can energize the loop cable, thus creating a magnetic field with the loop’s 

dimensions. The magnetic field resonates with a constant frequency deemed base frequency, associated 

with the lack of vehicles (normal state of the loop). Whenever a large metal object (large as in length, not 

in weight) crosses the magnetic field, the frequency of the resonation increases accordingly. This variation 

leads to a closing of a relay in the detector module for the duration of time the large metal object is present. 

When it exits the loop’s magnetic field, it goes back to base frequency and the relay becomes open once 

again. This triggering of the relay can be associated with access control, vehicle detection, traffic light 

activation and signal plan extension (in traffic situations). [Marsh Product Manual, 2000] 

 

 

Figure 2.1 - Function schematics for inductive loops [Marsh Product Manual, 2000] 

The technological aspect of the inductive loop, despite being primitive, gained a significant praise by 

users and developers alike. Most basic traffic situations can often be solved with any non-discriminating 

detectors, such as traffic volumes, speed and vehicle classification. However, for wide area effects, the 

WADS have the benefits of being easier to implement, adapt and reconfigure. Also, by developing the 

processing units built inside a camera’s housing, both WADS and VIDS become a quick-to-install and 

reliable solution. 

Despite being technologically inferior, the major selling point for the implementation of loops opposed 

to VIDS/WADS comes down to price. In fact, the late industrialization of portable cameras with significant 

resolution to accurately detect and distinguish moving vehicles, alongside copyright legislation and image 

property issues proved crucial to the permanence of inductive loops. But extreme cost reduction, simple 

interfaces and technological enhancements in the last ten years brought back the idea of using VIDS as a 

compound or stand-alone method to retrieve data gained a much wider recognition. 

 

2.1.3 Video devices in VIDS/WADS: analysis throughout the years 

To understand the significant impact of video analysis and the subsequent device evolution that came 

with its development, it is necessary to review the early deployments of VIDS on-site, while being able to 

extract their data results and accuracy levels and ultimately comparing those with inductive loops’ outputs. 

Although not relevant to the device’s performance comparison, solution pricing should ultimately be taken 

into consideration, to factor in how much it costs to increase accuracy levels and specific data inputs. 
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This literary review, albeit focused on mostly North American DoT’s, strives to build a chronological 

approach to VIDS’ evolution, both in practice and placement. For this purpose, it remains focused in a 

VIDS, developed by Image Sensing Systems and Prof. Michalopolous’ team since its earliest concept in 

1989: the Autoscope.3 

 

2.1.3.1 By Virginia’s DoT - 1994 

Up until the early 90’s, most of the papers subjected around VIDS or WADS were highly conceptual 

and focused mainly in the algorithm behind the vehicle’s capture and information storage. However, as 

products were finished and distributed, the need to gauge the effectiveness of VIDS was needed.  

One study performed by B.H. Cottrell Jr. in partnership with the Virginia’s DoT developed evaluation 

techniques to account for accuracy and reliability concerning incidents, traffic flow parameters (vehicle 

speed and classification, lane occupancy and traffic volume), installation and maintenance costs, and 

prospective views of VIDS, highlighting their future use. In a prior case study for the interstate highway in 

Minneapolis, a similar comparison had been made between inductive loops and a specific VIDS system, 

the Autoscope. One of the results of the study denoted that this VIDS system had achieved an accuracy 

rate greater than 96%, with a false alarm rate and speed detection error of 5%, making it comparable to 

inductive loops as a traffic detection method. As such, this system was used in the direct comparison with 

inductive loops for the Virginia’s DoT study. [Cottrell Jr.] 

Some initial problems arose due to exclusivity and compatibility issues when setting up the system. 

First, instead of setting up dedicated cameras for the Autoscope system, the intent was to incorporate 

existing CCTV cameras on-site while the system would analyse the footage retrieved in the background. 

This would condition the accuracy rate of detection, since optimal positioning for monitoring wider areas 

had been considered for the CCTV camera placement. Second, at the time, Econolite was the sole 

company operating with Autoscope, and no database management software had been developed thus far. 

However, Farradyne Systems, Inc. had also been an Autoscope distributor and manufacturer up until 1991, 

and due to their knowledge of the system and traffic management software MIST (Management Information 

System for Traffic), they were brought into the project as external consultants, to host the Autoscope system 

and communicate and control its processor. Third, the dedicated VIDS computer provided by the TMS 

Centre sporadically broke down during the testing phases, due to hardware problems, lack of essential 

updates for MIST and electrical power interruptions. 

When comparing the inductive loop and Autoscope results regarding traffic volumes, the patterns 

diverge: while the inductive loop trend shows a suave and consistent design with similar curves for 

upstream and downstream volume flows, the Autoscope trend presents an incoherent harsh pattern 

between different lanes and accounts for different volume values for upstream and downstream flow. The 

same can be observed towards vehicle speed trends. 

Ultimately, the report considered the performance of VIDS unsatisfactory. The main contributing factors 

were the test sites chosen for the video cameras, being identified as the main source for underperformance. 

Also, the possibility of accurately placing the camera back to the monitoring position after surveillance was 

considered impracticable, meaning that a dedicated Autoscope camera could have provided better results. 

                                                             
3 This paper follows this specific equipment mainly because of its various iterations throughout time with successive innovations and 

accessible associated data and comparison files, keeping it in check with all the contemporaneous solutions.  
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Figure 2.2 - Trend line comparison between Autoscope (square) and inductive loops (triangle) 
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2.1.3.2 By Minnesota’s DoT – 1997 

Following the initial studies in 1994, an intensive 2-year testing period was applied by the Federal 

Highway Administration (FHWA) and Minnesota’s DoT to study and gather significant results for non-

intrusive traffic detection technologies, regarding existing equipment and performance. The tests relied in 

using a common case study (Interstate 394 in Minnesota) and a baseline pattern was established via 

inductive loops. Then, all devices were subjected to an assortment of exterior factors, such as traffic, 

environmental and mounting conditions. As a result, the paper catalogues eight different technologies 

available at the time, and rather than ranking them, it indicates the best environment and suitability for each 

technique and its subsequent data collection needs. 

The eight above-mentioned categories were: passive infrared (infrared triggered by a car’s presence); 

active infrared (time measurement from a low-energy beam signal’s reflection); passive magnetic (similar 

to inductive loop’s current disturbance); radar/Doppler microwave/pulse ultrasonic (distance of vehicle is 

determined by time delay in the return signal); passive acoustic (vehicle detection is made by determining 

the sound energy from passing vehicles) and video. The case-study included two sections: the first 

occurring in a two-lane freeway environment and the second in an intersection with an on-ramp access 

towards the same freeway. 

 

 

Figures 2.3 (left) and 2.4 (right)– Case-study installation locations (left – freeway; right – intersection) 

One of the main challenges for this data compilation was both establishing the ground truth and coping 

with the various weather changes, regarding all detection systems implemented. Ground truth detection 

establishes the detection’s baseline pattern to serve as comparison terms for the remaining systems. 

Several loops and road tubes were placed in both locations and connected to a “data collection trailer” that 

would remain there for the remainder of the interval to compile reports about the gathered volumes. 

Environmental changes caused difficulties with both intrusive and non-intrusive detection systems, with 

snow, rain and fog interfering with physical detection of loops and road tubes and affecting visual detection 

for VIDS. 

For most VIDS, under ideal weather and traffic conditions, highly accurate data was gathered. However, 

the results varied greatly from devices and mounting locations. Also, several factors were deemed 

responsible for underperformance, such as stationary and/or moving shadows; light transitions; wind-

induced movements to pole or water/icicles/dust in lenses. Four different video systems were used, among 

them the Autoscope 2004, an updated version of Autoscope 2002 and 2003. Much like its predecessors, 

the Autoscope system can monitor multiple detection zones along several lanes of traffic, with the possibility 

of mounting cameras either in overhead or side-fire (side of the road) positions. 

The study considered the Autoscope system capable of performing, but quite prone to under-counting, 

mainly due to lighting changes as day to night transitions and wind-related issues. Compared to the 

remaining video detection systems used, it showed some consistency regarding freeway detection and 
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intersection, while the VideoTrak 900 system did not. It also displayed an easier installation and user 

interface than Trafico EVA 2000 system but lacked the precision and strength to lighting changes. 

Ultimately, the Autoscope 2004 proved reliable and performed within 5% of daily traffic volumes.  

 

2.1.3.3 By Arizona’s DoT and Indiana’s DoT – 2001 

A two-page survey that allowed data collection preferences throughout the United Stated was created 

and submitted to different DoT’s considering a state-of-the-art report done by Skszek. The questionnaire 

was sent to individuals in each state with a timeframe of four weeks for a response and contained three 

questions regarding satisfaction level of the utilized method of data collection, equipment disadvantages 

and type of data collected per method. 

 

 

Figure 2.5 – Detector selection in freeways based on Texas Transportation Institute’s study (A – Good; B 
– Fair; C – Poor; D – Nonexistent; U – Unknown) 

In relation to usage and level of satisfaction, video image detection scored an average of 3.0 out of 5.0, 

being used only in 10% of the states surveyed. Additionally, some factors contributed negatively to VIDS 

overall impact, such as the need of existing structure (both pole-mounted and overhead), underperformance 

due to obstruction by weather conditions (such as rain, snow or fog) and undercounting smaller vehicles 

when partially or completely blocked by larger vehicles. 

Furthermore, the report concluded that 48% of the states used non-intrusive methods to gather traffic 

data, and that inductive loop were considered the most consistent technology for vehicle counting 

applications. Nevertheless, newer non-intrusive technologies were deemed promising and would greatly 

benefit from accuracy, viability and cost-effectiveness studies. Moreover, recent concepts such as 

Intelligent Traffic Systems (ITS) and Advanced Traffic Management Systems (ATMS) are mentioned 

combined with non-intrusive detection systems, as most provide stable enough information to operate 

system-based parts of the infrastructure, from intersections to ramp-metering. Altogether, both systems 
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help to ensure the longevity of infrastructures, while balancing a cost-effective and effective traffic detection 

solution. 

The assumption at the time was that VIDS were still in its initial phase and needed a sturdier physical 

support system and a friendlier user interface to be accepted either as a viable substitute to inductive loop 

systems or at least as a competitor. The report’s main issues with VIDS emphasize compatibility problems 

and inaccurate evaluation methods, also attributed in part to a lack of specialized training. 

An investigation carried out by the Indiana’s DoT attempted once more to gauge and compare VIDS 

and inductive loop systems. Their main emphasis rested on validating quantitative evaluation procedures 

to measure the presence detection capabilities of video detectors. Instead of directly comparing inductive 

loops and VIDS, the investigation compared two different VIDS, Econolite’s Autoscope (also evaluated in 

previous studies present in this chapter) and Peek’s VideoTrak-905, using as baseline pattern an inductive 

loop system. Rather than simply comparing both VIDS systems, the report states them as system 1 and 2 

(Autoscope and VideoTrak-905, respectively) and compares them to the output generated by the inductive 

loop system. For this, two methods of effectiveness to calibrate video detection were introduced and 

pondered against each other: Discrepancy and Likelihood. 

One of the main themes of Indiana’s DoT investigation was to discover an accurate way of defining 

effectiveness of vehicle detectors, which proved to be the amount of time a detector incorrectly perceives 

a vehicle, generating an output. To consider it an error, it would mean a comparison to the so-called ground 

truth; ergo, comparing it with objective data. However, the inductive loops used as baseline pattern also 

present detection errors of their own, so the measured error is not absolute, but relative, and will be instead 

described as discrepancy. 

According to Grenard, Bullock and Tarko, the Discrepancy method compares the individual occupancy 

times for both inductive loop and video detectors, regarding the same traffic flow, which allows specialists 

to adjust a video detector to match the level of performance of inductive loop systems. On the other hand, 

the Likelihood method is bracketed down in three steps: first it finds the probability of existence of 

discrepancy between video detectors and inductive loop detectors; then it finds the probability that the 

inductive loop detectors did not accurately indicate presence, and finally combines the two last probabilities 

to account for the likelihood that video detectors did not accurately account vehicle presence, under certain 

conditions. Four distinct situations arose when comparing presence outputs between inductive loop 

detectors and video detectors, two of which indicating discrepancy: either loop indicated presence and 

video did not (L1V0); or the opposite (L0V1). The other two situations were easier to measure, where both 

the loop and video indicated presence or not, dismissing discrepancy. Most discrepancy cases were 

approached as a malfunction or underperforming by video detectors, accounting for over-counting due to 

headlights, pedestrian presence and shadows and for under-counting due to restricted screen capture area 

for video processing. Discrepancy cases were also associated with inductive loop sensitivity being too high, 

at times triggering false positives. [Grenard, Bullock, Tarko; 2001]  

The end-result of this investigation showed that system 2 was more susceptible to L0V1 discrepancy 

than system 1, and that both had a 7 to 8% probability rate of showing L1V0 discrepancy. This translated 

into an acceptable rate of detection for both systems when compared to inductive loops. The worst-case 

scenario showed an inaccuracy of detecting vehicle presence of 16% for system 1 and 20% for system 2, 

both generating false presence 40% of the time. Night time detection was considered the most troublesome 

situation, due to an increase of detection zone, leading to less efficient signal operation, since they do not 

gap out when they should. Proper lighting was a solution, since it would help with the headlight identification, 

therefore triggering the vehicle detection system. 
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Figure 2.6 – Traffic counting in three different weather states for system 1, 2 and actual values (ground-
truth) 

 

Figure 2.7 – Error percent evaluation between systems 1, 2 and actual values, for three different weather 
states 

2.1.3.4 By Minnesota’s DoT and Texas Transportation Institute (TTI) – 2002 

Nearing the end of 2002, the Texas Transportation Institute (TTI) and Minnesota’s DoT carried out a 

revision of well-established detection systems to track their performance attributes, as a continuous update 

regarding vehicle detection technologies. TTI evaluated the Autoscope Solo Pro and the Iteris Vantage, 

comparing them with the SAS-1 (a passive acoustic detector by SmarTek) and RTMS (Remote Traffic 

Microwave Sensor, by Electronic Integrated Systems). The main goal of this revision focused more on 

quality control to provide a better data quality output to guarantee that each detector chosen is being 

selected for the specific task, instead of the traditional quality assurance which singles out defective data 

while maintaining quality but overlooking equipment accuracy and reliability. Also, both the data quality 

safeguarding and maintenance risk transmission to contractors created a much-needed awareness 

between data-generating and data-receiving entities, which was described as indispensable for success by 

Middleton, Gopalakrishna and Raman. [Middleton et al., 2002] 
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 The case study used was the I-35 Interstate Highway due to its high traffic volume and stop-and-

go traffic characteristics. Testing was done based on 5-minute samples for speed data deviation (error) and 

1-minute aggregate average speed for speed data analysis, based on the nature of each traffic detector. A 

baseline pattern was set via ADR-6000, an inductive loop system with internal storage capable of vehicle 

classification and speed outputs at the same time. Each detector was then subjected to the same vehicle 

speed verification testing, to determine its efficiency when used as a speed trap (speed-enforcement 

detector) instead of a vehicle detector solution.  

 

 

Figure 2.8 – Average speed in miles-per-hour captured throughout the peak hour period in I-35 (extracted 
from Middleton et al. 2002) 

As shown in Figure 2.8 for the afternoon peak hour period samples, the Autoscope Solo Pro performed 

exceptionally well, leading to TTI considering that its speed and occupancy was among the best of all tested 

devices. Although over-counting speed measurements for free-flow speed and under-counting during peak 

hour periods, the average error was placed in the 1% slot and maxing out at 3.9%, translating into a 0 to 3 

miles per hour (MPH) difference to the ADR-6000 system. The same conclusions can be extracted towards 

the Iteris Vantage, although with substantial increases to the average error; maximum error and speed 

differences (less than 6%; 8.1% and 15 MPH, respectively). The RTMS system was also directly compared 

to the previously mentioned VIDS and displayed the same deviation from baseline patterns as the Iteris 

Vantage. But its deprived efficiency was a direct result of a side-fire placement instead of an overhead 

setup, since this would inevitably restrict the device to a single-lane usage and the RTMS was subsequently 

determined as a mature system due to its resilience to weather conditions (concerning equipment durability 

and data output), versatility and easiness of setup, friendly user interface and low life cycle costs.  

For both vehicle classification and speed outputs using the same device, the Autoscope Solo Pro again 

outshone other VIDS, performing as accurately as the ADR-6000. However, the main selling point behind 

the ADR-6000 consisted in its equipment and installation costs as well as the disregard for maintenance 

responsibilities for manufacturers and agencies alike. The SAS-1 was tested under the same conditions as 

 

Lane 5 p.m. Peak Speeds I-35 (7/3/02)

0

5

10

15

20

25

30

35

40

45

50

1
6
:4

5

1
6
:4

8

1
6
:5

1

1
6
:5

4

1
6
:5

7

1
7
:0

0

1
7
:0

3

1
7
:0

6

1
7
:0

9

1
7
:1

2

1
7
:1

5

1
7
:1

8

1
7
:2

1

1
7
:2

4

1
7
:2

7

1
7
:3

0

1
7
:3

3

1
7
:3

6

1
7
:3

9

1
7
:4

2

1
7
:4

5

Time

1
 M

in
u
te

 A
v
e
ra

g
e
 S

p
e
e
d
 (

m
p
h
)

ADR6000 RTMS Solo Pro Luminaire



13 
 

VIDS and inductive loops, but ultimately underperformed outside of free-flow speed range and in adverse 

weather conditions such as heavy rain. As a conclusion of this report, VIDS were progressively more 

relevant as traffic detection devices and successfully managed to earn the status of viable candidates to 

replace inductive loop systems for speed measuring and classification detectors, without significant 

accuracy losses and satisfactory performance levels. 

 

 

Figure 2.9 – Error percentage difference from baseline (ADR-6000) throughout morning peak hour in I-35  

2.1.3.5 By Arizona’s DoT and Texas Transportation Institute (TTI) - 2007 

Following the success of alternative vehicle detection systems in 2002, an increase in the number of 

DoT that invested in detector testbeds occurred. The same philosophy behind the experience done in 2002 

was applied, as the baseline pattern continued to be measured by inductive loops (ADR-6000). Identifying 

concepts for alternative detection systems as fully functional standalone options to inductive loop solutions 

inside a detailed designed testbed was the main scope of a new investigation carried out by Arizona’s DoT, 

in partnership with TTI due to their previous work with Minnesota’s DoT. 

The intended equipment was gathered and subjected to a pre-qualification based on a qualitative 

assessment performed by TTI, measuring accuracy per detector type, life-cycle cost per detector type, user 

friendliness, maintenance and manufacturer’s support. Each parameter was gauged from a 0 to 5 factor, 

with 0 being the least beneficial and 5 being the most. Finally, the top scorers were accepted as potential 

systems to be installed. 

To fully equip Arizona’s DoT chosen testbed, a detector evaluation program was established for each 

intended detection system. The detector evaluation program was decomposed in seven iterative steps: a 

detection system that is capable to collect speed, count, occupancy and/or classification data is initially 

selected and screened to meet minimum entry conditions established for cost, data, longevity and 

compatibility and then tested in a test-environment that replicates real temperature changes. Also, the 

detector system in evaluation will be compared with a reliable and stable system providing ground truth. 

After that, a design is devised and implemented in a specific test bed, with adequate maintenance during 

the test period. Evaluation is made based on conditions similar to peak and off-peak periods, different 

weather situations, congested and free flow traffic and lighting variations, and verified using statistical tests 

(for example, Mean Absolute Error, Mean Absolute Percent Error, Mean Percent Error and Root Mean 
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Squared Error). Finally, the detection system is approved if all standard criteria appointed by Arizona’s DoT 

are verified. 

 

 

Figure 2.10 – Annualized Life-Cycle Cost for the intended detection systems in Arizona’s DoT testbed site 

 

Figure 2.11 – Qualitative assessment of the intended detection systems for Arizona’s DoT testbed site  

Although still resorting to inductive loops for baseline data or ground truth, this was one of many 

scenarios of viable inclusion of alternative detection methods, marking it as a turning point. The subsequent 

increase in VIDS, RTMS, acoustic and wireless detector usage can be traced back to this period, since the 

life-cycle, installation and maintenance costs aligned with the current accuracy outweighed their traditional 

counterparts. Most of the alternative detection systems were now mature, and ready to be deployed outside 

of testing areas. 

 

2.2 Versatility in VIDS analysis. Applications based on video 

Already established as a viable alternative to acquire traffic-related data, VIDS and video surveillance 

associated with CCTV systems started to branch out and being explored in different fields of application. 

During the first decade of the new millennium, not only did they account for the accumulated research 

regarding feasible technologies for computer vision, but also were able to enhance video tracking due to 

the rising influx of inexpensive cameras. Moreover, the augmented development in processing speed 

revolutionized video processing to the extent of running high-end computation-intensive algorithms in real-

time using standard computers. 

From increasing its functionalities in-vehicle to better cooperate with the driver to connecting data from 

a network-operator interaction, VIDS became a reality in most advanced vehicles and cities in the world, 

losing their main focus in exclusive detection or speed measurement but instead being treated as a 

fundamental part in an ever-growing system. 
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However, with the rise of advanced driver assistance systems (ADAS), two separate issues rose: first, 

the driver is able to receive extra support from the vehicle’s system, benefiting from additional information 

that assists him in driving and relieving him of certain strains; second, the information influx is also 

substantially higher, be it by adding information panels to perform related or non-related driving tasks or by 

monitoring driver-related status such as average response time, fatigue and driving stance. Both issues 

can reflect in either positive or negative influences for the driver, respectively assisting and influencing in 

adverse terrains and near-accident scenarios or providing an information overload that tends to aggravate 

driver strain and diminish the driver’s attention towards driving. Landau stated that a balance between the 

following three criteria should be kept in mind for an ADAS creation: safety, comfort and performance. In 

his work, he is able to divide between different ADAS to gauge the imposed load in the driver while 

measuring the necessary resources per system. His main conclusion was that ADAS systems must be 

“clear”, meaning that they should enable the driver to control both user-machine interaction and the system 

itself, both bound to a learning curve converging to an intuitive perception of the system. [Landau, 2002] 

 

2.2.1 In-vehicle detection and support systems. Stereo Vision and the Stixel World 

Associated with the development of computer vision4 and incorporated VIDS, one of the main focus 

points for upcoming papers would be driver assistance and safety systems by attempting to create an 

intelligent vehicle, adapted with in-vehicle detection capacities and a scenario situational response system. 

Meaning that, instead of exclusive broad-spectrum analysis, VIDS new applications would be centred in 

the user, i.e. equipping a vehicle with on-board vehicle detection devices, such as radar-based systems, 

laser-based systems or optical sensors. 

The initial challenge by any in-vehicle support system is properly gauging obstacles, while translating 

the processed image into useful information for the on-board system. As explained by Sun, Bebis and Miller, 

both a hypothesis generation (HG) and hypothesis verification (HV) are needed to locate potential vehicle 

locations: while scanning for probable vehicles within an image consists of the main approach for 

hypothesis generation, hypothesis verification will compare the outputs from the previous image to potential 

vehicles, indicating presence. [Sun, Z.; Bebis, G.; Miller, R., 2006] 

In HG, the main goal is to quickly examine the image in search of potential targets, resorting to 

knowledge-based methods (vertical/horizontal vehicle symmetry; colour range; shadow casted; texture; 

presence of vehicle lights, among other aspects); stereo vision-based methods, by creating a disparity map 

or using Inverse Perspective Mapping5 (IPM); and motion-based methods, relying on relative position of 

pixels due to motion or optical flow, to create either a dense optical flow (displacement vector for each 

pixel), or a sparse optical flow (assorting them according to local maximum/minimum points or colour blobs 

(colour clusters). In HV, the hypothesized locations are verified by employing template-based (based on 

predefined patterns to identify/correlate vehicle class) and appearance-based approaches (resorting to 

training images to classify a vehicle, thus ensuring vehicle appearance and providing a wider background 

database for future classifications). 

However, some flaws in both HG and HV methodologies were recognized. The main issues for 

knowledge-based methods are whether the surroundings are complex or simple, i.e. a rural two-lane road 

vs. a highway segment vs. a roundabout; and the light/colour/shadow variation throughout time periods. 

Stereo vision-based methods require accurate camera parameters to perform well, as well as physical 

restraints to ensure camera position and minimize trembling. Motion-based methods, however, lacked the 

ability to detect static objects (since the methodology is built solely on moving objects to create a 

displacement vector), and the assignment of a vector-per-pixel was not deemed practical, as opposed to 

the discrete models used (less time consuming while showing acceptable performance indicators). 

 

                                                             
4 The process of assimilating images and information integration into a computer, similar to the human visual system. 
5 A geometrical transform that allows the removal of perspective within an image, while remapping it as a 2D image and distributing 

the spatial information among its pixels. 
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Figure 2.12 - Hypothesis Generation and Hypothesis Verification 

 

Figure 2.13 - Distance measurement and obstacle (vehicle) extraction 

The disadvantage associated with the equipment often resulted in low spatial resolution and slow 

scanning speed, translating into a slow recognition pattern and unreliable distance measurement. The 

detectors that bypassed the previous conditions were limiting due to their relative high price.  

The notion used for stereo vision is quite similar: stereo vision is the extraction of 3D information from 

a conjugation of multiple 2D scenes, usually by estimating the relative depth of the inserted points in said 

scenes. The stereo vision-based approaches were made via disparity map and IPM. Disparity map requires 

two image sources (usually cameras) somewhat adjacent (with a measured distance between them) and 

relies on the comparison of the two different images, by shifting both into an “overlapped image” and finding 

the matching points. Disparity is the amount of shifting required for matching the objects, and by recreating 

this method to all points in an image, a disparity map is the result. The disparity map can later be converted 

into a 3D map of the viewed scene. IPM is equally derived from stereo vision; in its 2D domain, the 



17 
 

information is homogeneously distributed among pixels, which is an important factor for image processing 

without relative distance-related problems. 

In 2009, however, a radical method of 3D representation was bound to surface. Based on dense stereo-

vision to thoroughly analyse each pixel of the given image, resulting in an enormous amount of data while 

maintaining a real-time simulation, the Stixel World was developed by Badino, Franke and Pfeiffer to 

respond to urban complex scenarios as a driver assistance mechanism. Originally, it ran with a Semi Global 

Matching (SGM) algorithm to create accurate boundaries and solving 2D smoothness constraints with 

multiple combinations of 1D constraints, but it was deemed too complex to the general CPU. To be able to 

reproduce the analysis in real-time, a variation of the standard SGM was adapted into a Field 

Programmable Gate Array (FPGA), an integrated circuit designed to implement any programmable logical 

function intended by the customer/designer. The FPGA enables multiple tasks to be allocated, becoming a 

key component for running algorithms and application-specific functions, thus enabling real-time simulation 

and feedback, without losing any data, and allowing general purpose CPU to run it. [Badino, H.; Franke, 

U.; Pfeiffer, D.; 2009] 

The main goal of Stixel World was the ability to extract and track captured objects in the video stream, 

while categorizing the proximity/threat levels of obstacles to ongoing vehicles. To be able to model a 

dynamic vehicle-based environment, it needed easily containable data, with significant data volume 

reduction while maintaining information of interest. It should also be robust and stable, meaning that small 

changes in the data should not cause rapid changes in the representation, and outliers should not inflict 

major changes in the result. Also, the representation is made in a medium level, meaning that it the 

quantification unit is scaled between pixels and objects.  

To build the Stixel World, the free space needed is calculated by determining the height of each stixel 

and extracting them. To do so, each cell is swept from bottom to top to find a visible obstacle (to account 

for positive depth), meaning an occupied cell. The aggregated cells up to the occupied one consist of free 

space. Also, it is logical to extract the background, so that the boundary built is based on images non-

existent on the road (i.e. buildings, clouds, trees, etc.). After the first occupied cell is found, and instead of 

repeating this process throughout the whole image, the optimal path is generated through dynamic 

programming that scans the polar grid from left to right, resulting in a polygon with the free space from the 

camera’s point of view. To determine the height of each stixel, a cost image must be computed, by resorting 

to the optimal segmentation between disparities, while applying the same dynamic programming to define 

the upper boundaries of the objects. Finally, extracting the stixel is not complicated, as their parameters 

are set (base point, top point and width), being the only necessity the merging of heights when the stixel’ s 

width is more than one column. 

 

 

Figure 2.14 - Stixel World - processed (left) and final view (right) 
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Figure 2.15 - Background detection and extraction (top) and vehicle height measurement (bottom) 

When describing the Stixel World methodology, the vehicle’s cast shadow removal is one of the main 

challenges present. Although the camera’s position in the vehicle does not inflict a high enough angle to 

potentiate this effect, some minor corrections to the viewport should be accounted. Following the pattern 

described in the previous paragraph, the shadow removal phase would be performed after the background 

extraction and before the stixel alignment and creation, therefore ensuring that only vehicles and other 

objects are displayed. [Wang, 2009] 

One of the Stixel World’s most impressive features was the ability to perform in a current CPU (Quad 

Core 3.00 GHz processing unit, nowadays a standard in any commercial PC and even in advanced mobile 

devices, such as tablets and smartphones) with a response time of 25 milliseconds, enabling the processing 

and analysis in real-time as a driver’s assistance tool. Further work has been done, both in improving the 

Stixel World, adapting it to include a dynamic response to determine the stixel’ s trajectory. So, based on 

the 3D position and motion of a group of stixel, it would be possible to track them over time, in a method 

entitled 6D-Vision, developed by Franke et al. in 2005. When associated with motion information, proved 

especially useful when associated with object clustering, attention control and reasoning, and the level of 

precision was enough to provide reliable information. [Pfeiffer, D.; Franke. U.; 2010] 

This opened a new realm of possibilities, from ADAS’s point of view. One example is the adaptation of 

the Dynamic Stixel World to track and detect incoming vehicles in a roundabout, while assessing them as 

conflicting threats or not. Instead of just recognizing the vehicles, this method would cluster them 

accordingly to their position and speed. The idea behind this concept was to develop an advanced collision 

avoidance system that could help reduce the amount of conflicts present in roundabouts by estimating the 

risk of potential collision. A time-to-contact (TTC) probability is calculated for the present scenario and, 

based on the algorithm and minimum time of 2.5 seconds (a realistic value based on several experiences) 

and clustering was made centred in minimum number of stixel, asserting that nearby stixel have a higher 

probability to move together (recreating the real object), as well as geometrical and physical characteristics 

(same size stixel and with the same trajectory are more likely to belong to the same object). The main goal 

is to foresee a safe entry in the roundabout, accounting for the minimum TTC value before mentioned. A 

stop-and-go phase scheme was then organized and tested by 10 subjects, to corroborate the previous 

findings, also confirming the selected time buffer. [Muffert et al. 2012] 
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Figure 2.16 - Obstacle detection based on proximity in the Dynamic Stixel World 

The potential to include stixel in further subjects is enormous, and much of the current research is being 

made in allowing passenger recognition and improving data output quality. Also, it will be possible to include 

speed-associated colour maps, to determine if the object is in motion or not, which accounts for a better 

understanding of the scenario. Suffice to say, stixel may well be on their way to become the next add-on to 

vehicle safety kits and a milestone towards automated intelligent vehicles. 

 

 

Figure 2.17 - Dynamic Stixel World in a roundabout entry model - TTC calculated on the right 
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2.2.2 Data gathering and processing. Smart vehicle concept 

The fundamental idea behind data gathering, traffic controlling and technology integration leads to ITS 

where vehicle detection that generates data is achieved by sensors capable of processing that information; 

where traffic controllers and RSUs exist to integrate and control the road network according to the received 

data volumes and speed information; where every traffic light is benefiting directly from this digital 

infrastructure to manage both natural layout-bound bottlenecks or abnormal traffic congestion situations 

such as accidents, road works and public events; and finally, where all these inputs are available not only 

for the decision makers and stakeholders to deploy and evaluate the best mobility plans, but also as real-

time feeds to each user, specifically applied to their route. 

Besides being useful in devising driver assistance systems, VIDS were not restricted to playing a part 

in driver assistance systems. One of its applications in a wider range was resorting to its ability to collect 

and continuously analyse the gathered data and potentially diminishing the impacts of road traffic and 

weather conditions. Vladislav Krivda’ s paper shows the possible conflict resolution in conflict situations and 

traffic accidents, in roundabout scenarios. Video-recording devices were placed in 16 roundabouts across 

the Czech Republic and traffic flows were detected and categorized, according to the number of participants 

involved in the conflict, source of conflict and seriousness of conflict. After collecting the data, the conflict 

situations were regarded and for each roundabout, the most frequent were singled out and focused on to 

implement changes in said roundabout to prevent reoccurrence. [Krivda. V., 2011] 

Besides displaying numerous advantages on the user side, VIDS can also be associated with third-

party integrators to perform a wider spread of detection, for example as an access control trigger, speed 

enforcement and license plate recognition. Eventually, its integration in a cloud-base system can also help 

to identify parking patterns, offset travel times and potentially map different driver behaviours into numeric 

algorithms. The first step, however, is to connect VIDS with several other systems to perform an integrated 

mobility approach, gathering the necessary data while processing it at the same time. 

 

2.3 The evolution towards ITS and smart cities 

As of now, VIDS are established detectors with enormous potential for traffic data gathering. Moreover, 

this extracted data is not perceived as bulk data anymore: it can be sorted, interpreted and discarded if 

needed thanks to the video calibration and analysis solutions. The next logical step would be creating virtual 

inputs on a camera mainframe or viewport and performing intelligence-based tasks associated with the 

triggering of said inputs. Taking virtual loops as an example, besides relieving the stress associated with 

extra costs dedicated to infrastructure road-works and network constriction, the output is much more flexible 

than a combined solution, ergo, video detection with loop interaction and physical triggering. This type of 

interactions helps to both digitalize the information directly and lose an extra integration link between the 

physical and digital realm, bringing the overall solution to an elevated technological step and benefiting of 

quicker response times, better connectivity and remote access to new elements. Maintaining the example 

of virtual loops and associating them with an access control strategy for a particular area, the output will be 

much higher than both standalone versions of both technologies (inductive loops or cameras, separately) 

and also than a physical merge of both (physical loops connected either directly to the camera or via 

integrator, such as an automation device or traffic controller). 

However, several new challenges occur, as detection technology brings out the best and the worst in 

user experience. While it can benefit users in creating green wave scenarios and participating in data 

extraction to integrate in a network meant for road capacity optimization and travel time calculation, it can 

also warn authorities about speeding vehicles, yellow-box infringement and red-light enforcement. Also, the 

potential confidentiality of extracted data and data tampering can sustain a basis for an argument against 

camera systems with databases or data storage. 

It lies in the authorities, municipalities and enforcement agencies to inform that solutions as red light 

and yellow-box enforcement are significantly positive for the overall traffic and network functioning, 

destroying the notion that these can be subjected to user scrutiny when associated with local enforcement 

and financial implications. Certainly, a balance is needed, whereas traffic-based enforcement shouldn’t be 

accepted as a financial tool, but instead as congestion countermeasure and drivers shouldn’t believe that 
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enforcers are solely generating revenues from speeding and infractions but instead striving to create a 

better road network. 

 

2.3.1 Leaping into vehicle-to-infrastructure (V2I) 

Speed trap cameras, evolved from simple radar systems, do much more than just gauge a speed. 

When incorporated into a system, they can predict and transcribe that information directly onto variable 

message systems (VMS) to display average instantaneous speed. When combined in a segment, average 

mean speed can also be taken into consideration. When connected to a central system, the data received 

quickly turns into predicted time-on-arrival and journey time estimation, while accounting for multiple delays 

from different systems. Once the processing of the cameras evolved, dedicated circuits were devised inside 

each unit to grant license plate recognition, as both numbers and letters in the license plate were read, 

identified and assorted into a digital string. Should the same license plate transverse the system and appear 

in two or more cameras with this technology, a match would occur, and a time-stamp evaluation would 

determine the journey time in a linear or non-linear segment. This information serves as the main drive to 

feed central traffic system, not only validating or discrediting the traffic prediction algorithms and fuelling 

the overall origin-destination (O/D) matrix with the real scenario. 

Regardless of the existence of speed control, the underlying benefit would be providing the driver not 

the maximum allowed travel speed but instead the optimal speed to prevent queuing and delays. The 

traditional way was described above, relying on fixed measurement connected to fixed information gates. 

This can be enhanced when resorting to area-based solutions, via radio or Wi-Fi connectivity, and will result 

in a more detailed view regarding vehicle circulation. But the problem lies in both fixed measurement and 

information display. 

V2I serves as a transition state, where roadside units (RSU) are placed in fixed infrastructure locations 

to detect traffic information and send it back to the vehicle, therefore directly influencing the driver. Thanks 

to their specific protocol, be it IEEE standard, MAC address or even Wi-Fi assisted, each RSU will receive 

packet-base data from crossing vehicles and report that data to the central system. Once the data is 

received, processed, analysed and the corresponding speed/gap/queue/LOS is calculated, that information 

will be incorporated in the traffic model and its impact determined. To optimize its allegiance with the 

theoretical model, both the physical input from the driver and the calculated theoretical input should 

converge, so that information is sent via central to the RSU, which will redirect it to the same vehicle. An 

indication consisting of changeable parameters for the driver, such as rerouting measurements or speed 

suggestions, will appear on the vehicle’s dashboard, alongside with its impact towards the driver’s trip. 

Regardless of the driver’s action, this process will repeat itself for every inbound vehicle able to 

communicate with the RSU. 

 

2.3.2 ITS-driven city concepts 

The fundamental idea behind data gathering, traffic controlling and technology integration leads to ITS 

where vehicle detection that generates data is achieved by sensors capable of processing that information; 

where traffic controllers and RSUs exist to integrate and control the road network according to the received 

data volumes and speed information; where every traffic light is benefiting directly from this digital 

infrastructure to manage both natural layout-bound bottlenecks or abnormal traffic congestion situations 

such as accidents, road works and public events; and finally, where all these inputs are available not only 

for the decision makers and stakeholders to deploy and evaluate the best mobility plans, but also as real-

time feeds to each user, specifically applied to their route.  

But more than this is expected in the future: since 2015, society lives in the advent of several paradigm 

shifts, all extremely impactful for the mobility sector. Greenhouse gases and COx/NOx emission created 

awareness for hybrid and electric vehicles, while population growth elevated the need for viable high-

capacity public transport solutions and car-sharing solutions. Infrastructure connectivity serves as a launch-

pad for autonomous vehicles, ever-generating information connected to a grid, be it a future smart electrical 

grid to provide a power supply or a digital grid to accommodate for immediate decision-making. Higher 

processing capacity is necessary today exclusive for Big Data analysis produced per smartphone, the 
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technological equivalent to a person. Smart mobility is a single aspect of what comprises a smart city and, 

as such, when contemplating an integrated solution, all main systems should be allowed to share this data. 

 

2.4 Relevancy to thesis’ scope 

By now it has been established that the true value of VIDS is not only the output generated by it, but 

also its integration into a functional and immersive network able to feed this data back to its users. As such, 

the main challenge in this paper is to incorporate such methodology into modern-day devices, being the 

most obvious choices either smartphone or smart in-vehicle dashboards. Image processing required a 

tremendous amount of resources to even be considered in a mobile phone back in the beginning of VIDS 

applications; nowadays most smartphones have the specifications to run algorithms that were used before 

for this purpose, and certainly as sophisticated as speed-trap and license plate recognition cameras. Also, 

vehicle manufacturers are rapidly developing ITS-integrated dashboards that will be able to receive 

incoming information from RSU, via specific protocol, and enabling this type of dedicated features in future 

vehicles will also propel augmented and virtual reality as a fully functioning feature, similarly to the approach 

that stixel world creators developed for individual processing. This would mean a fully integrated beacon of 

information in a smart grid-like network, where not only the vehicle is receiving and emitting information in 

real time, but also the processed data is conducting it towards the optimal network choice, leading to 

improved LOS, fewer queue scenarios and less queue-forming and accumulation of vehicles in strategic 

points, and next-generation ADAS where the actual decision-making process of the driver can be improved. 

From a financial perspective, this development is not only profitable as it is affordable: technology has 

never been so accessible, evolved and inexpensive, be it from a software or hardware approach, turning 

the smartphone as a logical benefactor. Furthermore, there is an interest behind the development of 

minimum standards of communication patterns applied to road connectivity that will ensure a baseline 

communication protocol for all end-customers. 
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3. Roundabouts – from infrastructural components to traffic models.  

 
In this chapter, the intended milestones are: 

• Backtracking to the introduction of roundabouts in modern times; 

• Main aspects when dimensioning a roundabout, from traffic to geometry; 

• Identifying the two different methods for HCM2010 and FCTUC; 

• Understanding the micro-simulation aspects required for an adequate simulation. 

3.1 Roundabouts: from concept to deployment 

3.1.1 Historical background 

Long before the fabrication and popularization of the automobile, main squares (both circular and 

square in geometry) accounted for most pedestrian traffic and were often used as city landmarks portraying 

the victories and expansions of a certain country or paying homage to fallen national heroes. Hence, they 

were later associated to main avenues and city centres by allowing a posterior advantage to main junction 

or roundabout conversion to enable higher vehicle capacity, since the network links carried inbound traffic 

towards the city. This posed as one of the first strategies toward urban planning, in a joint venture from a 

mobility plan and landscape redesign to develop the rise of urban centres. 

The first roundabouts date back to the end of the 19th century, although many sources differ to its origin. 

For example, Bastos Silva claims that there has been a number of references that point to the conception 

of several then-called “rotaries” in Europe before 1907: the Marquês de Pombal, Saldanha and 

Entrecampos examples in Portugal by Ressano Garcia and Place de la Nation or Charles de Gaule in Paris 

by Eugene Henard; while both Robinson and the National Cooperative Highway Research Program 

(NCHRP) credit the Columbus Circle in New York City as the first “traffic circle” ever created by William Eno 

back in 1905. During the conception of old rotaries, priority was given to entering vehicles, which allowed 

for higher entry speeds, faster weaving and merging movements. This led to higher levels of congestion 

and accidents, as well as raising the severity of the latter. This led to a general disuse of rotaries throughout 

the world, as many countries did not invest in the creation or adaptation of rotaries, apart from the United 

States (US) and the United Kingdom (UK). [Bastos Silva, 2004; Robinson, 2000] 

In fact, the UK was one of the main developers and maintained a study and revision of roundabouts, 

since they challenged US by stating that the higher speeds made possible by the large diameters were 

counterproductive to attain higher capacity levels. In 1966, the in-ring circulation priority rule was devised, 

allowing circulating drivers in roundabouts to maintain priority over entering drivers. In short, the modern 

roundabout is a substantial improvement over the old-fashioned rotary, in terms of safety and operation, 

and allowed more diverse and compact solutions with a higher capacity level, overall revolutionizing the 

traffic network concept globally. [Ferreira, 2010; Robinson, 2000] 

 

3.1.2 Roundabout typology throughout the years 

As stated, the notion of roundabout, traffic circle or rotary has been adapted over time. Although all 

circular in shape, rotaries and traffic circles  can exist without complying with standard traffic 

regulation for roundabouts, as, for example, the necessity to yield when entry or counter-clockwise rotation. 

[Robinson, 2000] 

A roundabout is acknowledged as a convergence of several one-way or two-way segments to a central 

square, plaza or intersection, displayed in a circle or circular-based shape, which has a circular movement 

flow exclusively. Also, drivers entering the roundabout have to yield, as the priority is given to circulating 

traffic. By ensuring that only one flow is allowed in the roundabout, the number of possible conflict points 

decreases drastically from the existing ones in intersections. Moreover, the reduction of entry speed 

translates into a lower critical gap and consequently a higher capacity and lower waiting time on average.  

A direct change in layout from an intersection to a roundabout (one-lane) will result in a reduction of 24 

conflict points and adaptation of each possible movement into a cross-shaped one lane-intersection, with 
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a total of 8 merging conflict points and 24 diverging points being introduced. Alongside the kerbside angle 

from the entry point, the vehicle speed used in the approach will also be lower in a roundabout, which is 

directly proportional to the number of accidents occurring per conflict point. Regarding safety aspects, 

intersections and roundabouts alike must be complemented with mandatory vertical signalling, such as 

yield/stop signs or priority signs for entries and main roads. However, both solutions should be 

complemented with traffic lights, should the traffic volume dictate it.  

 

 

Figure 3.1 - One lane intersection (32 conflict points) and one lane roundabout (8 conflict points) 

For intersection traffic, the boundaries for uncontrolled intersections vary highly with the main road 

traffic volume. As an example, for a main road/secondary road traffic volume ratio of 3:1 or lower in rural 

areas, or under 1500 vehicles per hour, unsignalized intersections can be considered, whereas for an urban 

area with 2000 to 2500 vehicles per hour, either a signalized intersection or a roundabout must be 

considered (please refer to figure 2 for more detail). Aside from traffic volume, multiple factors should be 

taken into consideration when integrating an area as a roundabout or intersection, such as geometry, driver 

behaviour and socio-economic factors.  

As mentioned, both driver behaviour and traffic congestion have a key role in dimensioning a junction 

point. Undoubtedly, the main motivation for the network should always be a surplus of road space against 

the necessary demand, alongside the traffic orientation towards several points of interest, such as 

residential areas, work/commerce zones and intercity connection points. The idea behind driver behaviour 

and congestion is fuelled by a fundamental balance between an increase in supply and a demand in 

reduction along a certain period. Once this strategy is properly defined per area of interest, specific design 

rules can be applied towards the junction itself. 

Two important outliers from driver behaviour can also be extracted from the general approach: driving 

habits and reaction time. Driving habits relate to an average person’s driving, be it in lane positioning, 

average speed, tendency to overtake or follow, compliance with road safety legislation, among many others. 

Reaction time is the amount of time that a driver takes to react to a change in the network, such as traffic 

light changing, sudden breaking, overtake decision or pedestrian present in a crossing. These parameters 

have an impact on whether a junction should become signalized or not, whether a roundabout could be 

implemented or if a certain area should be pedestrian-accessible or not.  

Geometry often poses a challenge to implement the best solution, since most civil works included in 

network usually focus on layout changes instead of new implementations. In most cities, a compromise 

between what has been established previously and the perfect match for traffic controlling must  be 

achieved. Further examples of decision-making involved in junction dimensioning include cost-benefit 

relations between development investments and capacity gains, as well as maintaining the current layout 

and expecting certain levels of delay in travel time (and its impacts towards adjacent intersections).  
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Figure 3.2 (left) and 3.3 (right) - Volume as a deciding factor to dimension intersections or roundabouts6 

When comparing intersection versus roundabout, it is neither viable nor justified to change all existing 

intersections to roundabouts, both from a traffic and economical point of view. Depending on traffic flow in 

both conflicting roads, road dimension and location of the intersection in a network, unsignalized 

intersection are valid options and often a common sight in small cities and non-critical points of networks. 

Moreover, roundabouts take up an extraordinary amount of road space for conceptions and require a wide 

pre-existing network to be considered. In some scenarios, it is not an easy feature to distinguish between 

primary and secondary flows nor a hierarchy for traffic flows is intended, and the result will be a two-lane 

(or more) roundabout that can sometimes increase the difficulty of traversing and chance of collision. 

Consequently, roundabouts are not always the best solution for traffic conflicts.  

 

3.1.3 Roundabout concepts and layouts 

Regarding its geometrical concept, different types of roundabout have been constructed throughout the 

years. The most common is the standard roundabout, presented with different sizes spanning from smaller 

mini to urban, up to the largest rural roundabouts. They factor in the amount of entry and circulation lanes, 

be it single or dual lane, with or without depressed right turning. Some also consider traffic signals to adjust 

the traffic flows during peak hour, while maintaining a capacity increase over standard intersections. More 

complex solutions were initially developed as a response for specific traffic problems and later turned out 

to be sustainable, replicable models. They have unique differences from regular roundabouts in conception 

and typology, and span from larger adaptations from the more traditional types, such as ring roundabouts 

and double roundabouts and even next-generation models such as turbo, hamburger, dumb-bell, dog-bone 

flower, target or even segregated-turning (“four bridges”) roundabouts. [Tollazzi, Rencelj, 2014] 

Standard roundabouts usually consist of three or more lane-merging points, associated with the 

creation of a central island, to ensure circular movement of traffic. Often being easily implemented in 

constraint-filled intersections, standard roundabouts are easily recognizable for facilitating left-turn 

movements and reversing options, as opposed to traditional U-turns. They are divided into three main 

categories, for differentiated urban or rural use: mini roundabouts, with a maximum value of inscribed 

diameter of 24 meters; compact one-lane roundabouts, with an inscribed diameter varying from 26 to 45 

meters (or up to 50 meters in rural scenarios), with one entry and exit lane per approach; and compact two-

lane roundabouts, with inscribed diameters from 40 to 60 meters. [Bastos Silva, Seco, 2004] 

Mini-roundabouts are usually applied in urban areas exclusively, due to their low speed limit of 50 km/h. 

The central island can either be a painted line on the pavement in case of an inscribed diameter under 18 

meters or a physical dome-shaped barrier as high as 4 to 6 centimetres, to allow vehicle override7. Their 

                                                             
6 On the left: deciding on main/secondary road volume difference; right: based on annual daily traffic (ADT) and roundabout’s 

diameter. 
7 This aspect is mainly due to heavy vehicle maneuvering.  



26 
 

entries and exits are usually not flared, being easily implemented in city centres, but should refrain from 

solely street marking to indicate their presence. Thanks to their small impact in their surroundings, good 

visibility conditions are paramount. 

As displayed in a dissertation by Brilon for a state-of-the-art update on roundabouts in Germany, an 

essential mention was made toward the safety of mini-roundabouts. In previous studies, several authors 

found that the accident cost rate8 (ACR) for mini-roundabouts was significantly lower than their unsignalized 

and signalized counterparts. In fact, 3-armed mini-roundabouts proved to have a third of ACR’s value when 

compared to 3-armed signalized intersections (2.02€/1000veh. versus 6.60€/1000veh.), and less than half 

when compared to 3-armed unsignalized intersections (2.02€/1000veh. versus 4.68€/1000veh.). The same 

applied to 4-armed intersections, albeit slightly lower ratios, being 67% less impactful than signalized 

intersections and half of ACR’s value for unsignalized intersections. Ultimately, these conclusions helped 

to perceive the overall safety of mini-roundabouts as intersection solutions and possible implementation 

candidates for urban traffic management. [Brilon, W; 2011]  

Compact roundabouts are usually applied both in rural and urban scenarios, often comprising the most 

common roundabouts displayed worldwide. They are often characterized by the existence of a central 

island with a minimum diameter of 4 meters and a minimum of inscribed circle diameter (ICD) of 26 meters. 

Their ICD usually spans from 28 to 45 meters in urban environments and 30 to 50 meters in rural. A 

minimum of 8 meters should be considered for circular carriageway when addressing a one-lane compact 

roundabout, to account for heavy vehicle crossing without any manoeuvrability issues. For a two-lane 

compact roundabout, 8 to 10 meters should be considered as minimum. However, this is vastly dependent 

on the roundabout’s country and legislation, leading to narrower or wider minimum lane standards, as well 

as in-roundabout lane markings to delimit each circulation area. In Portugal, it is common to separate 

circulation lanes to incentive left-lane overtaking and right-turn exits in non-separated roundabouts, so 

much so that it has been adapted into the road regulation manuals. Also, most roundabouts can have 

multiple entry and exit lanes, as many as permitted by the circulating lanes, even though some countries’ 

legislations opt by maintaining a “one exit-lane only” rule due to safety reasons. 

 

 

Figure 3.4 - Standard roundabout (left) and mini-roundabout, with a painted central island (right) 

Regarding two-lane roundabout safety, Leemann and Santel presented a paper that established a 

pattern between lane number in entries and exits, accident rates and injury rates per roundabout, to clarify 

the safest design. To do so, information from 14 different roundabouts amounting to 254 accidents was 

used to compile the database needed. The main conclusions from this paper were that most accidents 

                                                             
8 Based on the accident cost rates and figures the expected monetary effects of road design options on the accident situation can be 

calculated and these rates and figures can be used in cost-benefit analysis to cover the influence of traffic safety. [from PTV SWISS 

AG: Accident Rates and accident cost rates in road traffic, November 2009] 
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happen in entry areas or circulatory roadway, yet the most severe ones happen in the exit area. Moreover, 

when comparing the number of lanes per entry and number of accidents per year, the values for one-lane 

entry and two-lane entry were similar, whereas for exits the number of accidents was 3.6 times higher than 

predicted for two-lane exits (when compared to one-lane exit). This helped the German HBS normative to 

embrace the roundabout design of “one exit-lane only”. Finally, a comparison was made to previous studies 

where the accident rate for standard compact two-lane roundabouts was evaluated with several one-lane 

roundabouts, differing in number of entry lanes, and concluded that the number of resulting accidents in 

each was on the same level. As such, two-lane roundabouts can be considered as good alternatives to 

other unsignalized intersection types, when there is a need of high entry capacity. [Leemann, Santel; 2009] 

As mentioned, it is possible (and sometimes necessary) to combine roundabouts with traffic lights, 

creating signalized roundabouts. Operating more like an intersection due to the entry stop lines and traffic 

signal plan, the main aspect that persists is the priority given to circulating vehicles while controlling most 

of its entry points. This allows the roundabout to tackle conflicting flows that largely differ in volume or 

exceptional demand volumes during peak hour situations. They can also be used as speed-compliance 

enforcement solution in speeding areas. These solutions are also frequently used to prioritize trams or 

public vehicles in a through-movement, traversing over the central island and ignoring all incoming/outgoing 

traffic. 

 

 

Figure 3.5 - Examples of signalized (traffic light controlled) roundabouts 

Roundabouts can also be adapted to higher hierarchy roads, such as highways and motorways, as 

either exit routes to local areas or turnaround points. With this, levelled variations of roundabouts were 

designed to combine roundabouts with superior/inferior crossings, allowing a clear separation from higher 

traffic flows in crossing movements, and lower distribution traffic flows in roundabout compliance 

movements. These can be achieved either by combining two major ramps to a large roundabout (either on 

top or bottom of a high hierarchy road) or one ramp per roundabout and a central roadway or bridge 

connecting them. Some examples of these roundabouts are the levelled, dumb-bell, hamburger and dog-

bone roundabouts. 
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Figure 3.6 - Leveled single roundabout (left) and dumb-bell roundabout (right) 

Dumb-bell roundabouts are usually depicted as a combination between a diamond interchange and a 

roundabout and combine the capacity benefits of a one-lane roundabout (with a smaller impact area) and 

a single bridge connection of a standard diamond junction. Besides reduced operation costs and imposing 

lower driving speeds, resulting in traffic calming altogether, dumb-bell roundabouts eliminate the possibility 

of wrong-direction driving towards highways or higher capacity motorways/freeways, while allowing for 

easier U-turns.  

Hamburger roundabouts possess a straight-through section to enable a major route crossing without 

interference. It normally comprises a split central island, often splitting both halves of the central island with 

a physical separation such as a splitter island, and typically is as wide as a heavy vehicle or bus, with an 

inscribed circle diameter as wide as 60 meters. They can also be combined with splitter islands for 

approaches or right-turn movements or be adopted as two-level roundabouts to reduce conflict points. 

Often, it is possible to see these solutions combined with traffic lights, to better adjust traffic flows between 

entry points. 

 

 

Figure 3.7 – Hamburger Roundabout 

Dog bone roundabouts are an adaptation of the previously mentioned dumb-bell roundabouts, 

resembling a toy dog bone from above. The single differentiating aspect between them is the lack of 
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connection in each roundabout, instead being fused together. This type of roundabout was suggested as a 

direct optimization from the dumb-bell by eliminating the least used movement in both roundabouts. 

 

 

Figure 3.8 – Dog bone Roundabout 

On the verge of the 21st century, a new generation of roundabouts emerged, focused in solving access 

issues and traffic conflicts while optimizing routes. Due to their success, they were implemented in some 

countries as viable solutions and subsequently replicated throughout the Europe. Some examples of these 

are the turbo, flower and target roundabouts. 

Turbo roundabouts were developed in Delft (Netherlands) by Rd. Lambertus Fortuijn, as a research 

paper and methodology for Delft’s University of Technology. The main concept was shaping the roundabout 

to distribute traffic over the inner lanes in a much more balanced way, while lowering the accident rate by 

an estimated 70%, not by decreasing conflict points (although managing to withdraw two conflict points by 

assigning dedicated exits) but ensuring more direct paths. This achievement was accomplished by 

eliminating lane changing, reducing yielding to traffic on more than two lanes and reducing average travel 

speed inside the roundabout. This reduction was achieved both by the roundabout’s natural compliance 

with bicycle traffic and low traffic speed, both common in Dutch commuters. [Fortuijn] 

 

 

Figure 3.9 - Turbo roundabout (two lanes) 

The key features behind the turbo roundabout’s design are both physical and conceptual: it operates 

in a way that each segment includes a lane to either exit or continue, while at least two exit legs should be 

two lane streets; and, to compensate for its small diameter and rotor/spiral like centre, physically raised 



30 
 

dividers are placed to prevent cut-in traffic. More importantly, against a two-lane roundabout, it reduces the 

number of conflict points by 6, while controlling speed by disregarding overtakes. [Fortuijn] 

 

 

Figure 3.10 - Conflict points in a two-lane roundabout (16) and a turbo roundabout (10) 

Several aspects have been noticed when comparing turbo roundabouts with standard two-lane 

roundabouts based on safety and capacity aspects: 

Following its success in the Netherlands and Germany, the turbo roundabout was implemented in 

Slovenia for similar reasons, such as number of accidents and speed compliance. However, driver 

behaviour dictated that in the early years followed by its implementation, turbo roundabout users suffered 

from hesitance when entering, alongside confusion (never seen layout accounts for larger trial periods) and 

fear due to heavy traffic flows in both the main and secondary legs. Instead of a mass rollout of the Dutch 

conception, a new roundabout type was developed by Tollezzi, to deal with two-lane roundabouts in a 

simpler way. The flower roundabout is a two-lane solution for the same problem, with a depression of right 

lane to physically separate right-turning traffic, causing a two-lane roundabout solution with the amount of 

conflict points for a one-lane roundabout. This allows for the same balanced distribution of traffic, 

maintaining the low accident rates and decreasing the conflict points from 16 to 8. [Tollezzi et al.; 2011] 

However, this methodology reduced the lane capacity in exit lanes and roundabout, since it became a 

one-lane roundabout with four dedicated right-turn lanes, proving higher levels of congestion and delay 

time for two-lane roundabouts with balanced traffic flows.  

This separation technique was theorized for target roundabouts, where this approach is taken to the 

next level by totally separating half of the roundabout in two different levels. This creates an inner and outer 

circle and dissipates the existing conflict points by the two, granting a much safer approach and a shorter 

delay time in total. [Tollezzi et al.; 2013] 

As previously stated, the key element for the target roundabout resides in building a segregated flower 

roundabout overlaying on the pre-existing roundabout, to help prevent uncontrolled errors by drivers (should 

they forget to exit on the right path, they are still possible to revert this, similarly to normal roundabouts and 

unlike turbo-roundabouts). Although fairly compact in size, the overlapping structure needed to build the 

target-roundabout would restrict it to wide urban or suburban areas. Moreover, the amount of conflict points 

in this solution is increased to 14 from the previously stated 8 of the flower roundabouts and 10 of the turbo-

roundabout. A model was built by Tollezzi et al. for an urban interchange, with 4-arm 4-lane (two ways) 

urban arterial roads (with high capacity values for Annual Average Daily Traffic (AADT) ranging from 35.000 

to 65.000 vehicles). For these conditions, the target-roundabout outperformed a traditional roundabout 

regarding its control delay and average/maximum queue, sustaining LOS values of E up until 1.500 veh/h 

(1,5 times higher than the conventional roundabout). [Tollezzi et al.; 2013] 
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Figure 3.11 - From a two-lane roundabout (top-left) to a flower roundabout (bottom-right) 

 

 

Figure 3.12 - Target roundabout 

3.1.4 Roundabout applicability and geometry conception 

As stated, there are several criteria that allow planners and traffic engineers to access the current 

network and justify the creation or modification of a roundabout. Some of the following parameters are 

considered applicability parameters, since they serve to instate a general guideline in roundabout 

deployment, while others are full-fledged geometric parameters, necessary for an accurate conception. 

Furthermore, some site-specific notes also apply when dealing with roundabout pedestrian crossings, bus 

stops and even public lighting location. Although most of these rules follow a common base standard and 

are based in many years of experience in roundabout-related studies worldwide, the following criteria 

should be interpreted as country-specific (in this case, Portugal). As such, most of these guidelines were 

provided by the former Junta Autónoma de Estradas (JAE) and by the Roundabout Concept book provided 

by the University of Coimbra, made possible by Bastos Silva and Seco. As applicability parameters, the 

following can be considered: network insertion and surrounding area, roundabout circulation conditions; 

number and type of intersected lanes; security; and topography. 
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Roundabouts can be used either in urban or interurban areas, as a solution for transition areas, mostly 

between main accesses and highly congested areas such as residential and commercial zones. In urban 

scenarios, they are particularly effective in prioritizing local access instead of through-movements in higher 

hierarchy roads, whilst in interurban scenarios levelled roundabouts excel in disengaging high-volume 

through traffic from local access. When different traffic volumes associated with turnaround or left turning 

movements arise, a crucial advantage is given to the roundabout as a viable option. Unlike signalized 

intersections, they ensure that the traffic flow remains regulated throughout the day, balancing the vehicle 

output towards its exits. Moreover, it’s also a strategic approach to deploy roundabouts in central areas 

with higher possibility of non-residential drivers, as it enables an escape route in case of a missed turn. 

However, heavy bicycle and pedestrian traffic flows can become solid countermeasures for roundabout 

implementations, due to the priority shift towards vehicles.  

When faced with three or more conflicting roads, a roundabout’s geometric flexibility is often used as a 

decisive factor. Due to its relatively simple concept and dimensioning, it becomes effortless to add several 

access points or exits to the node, without any compromise to the vehicle’s safety. However, more than two 

lanes per roundabout should be taken into consideration, due to generating more conflict points and uneven 

crossing conditions. As previously stated, a roundabout implementation has a significant impact in the 

number of conflict points (for a one-lane roundabout, from thirty-two to eight conflict points). Moreover, 

drivers tend to slow down to enter a roundabout by either side, as opposed to a main road in an unsignalized 

intersection. This results in roundabouts as viable candidates for traffic calming solutions. Finally, visibility 

plays a key aspect during the concept phase. Roundabout should be placed in flat or slightly inclined areas, 

to maximize its perception, while always avoiding any inclination that compromises accessibility and 

visibility. [Bastos Silva, Seco; 2004] 

Although quite flexible in application, roundabouts should not be considered as a generalized solution, 

needing a rigorous background traffic check, multiple traffic counts and impact studies regarding urban 

space usage, adaptability to circulation conditions and overall implementation space. Also, instead of 

defining a set-list of basic rules towards roundabout conception, the main aspects that comprise its 

geometry are adapted for each characteristic, therefore maximizing its functions. 

First, there is a basic need to ensure that a geometrical order is maintained, allowing full comprehension 

and proper speed variation from the driver. This translates into simple, normalized geometries associated 

with entry and exit ramps, fully compliant with drivers’ expectations. Moreover, should either entries or exits 

be penalized in geometrical form, an “easy to leave, hard to enter” approach should always be taken into 

consideration. 

It has become fairly accepted to use roundabouts (in its current or miniaturized version) as 

countermeasures for speeding, as they are often depicted (as stated in the previous paragraphs) as traffic 

calming measures. This also promotes multimodal coexistence, as it allows more space for different 

transportation means as well as pedestrian crossing. On the other hand, a roundabout is only as useful as 

its capacity levels, so should it be deployed solely for speed control it can result in a loss of control over the 

inbound traffic measures. This is frequent in interurban areas, whereas should be avoided in urban areas, 

due to traffic routing and peak-hour control. 

Several design parameters exist in a roundabout that need to be taken into consideration when creating 

the layout: for the entry itself, there’s the entry width (e), approach width (v); entry radius (r) and entry angle 

(ϕ). Also shown in Figure 10 is the effective length (l’). Other previously mentioned measurable parameters 

are the ICD, circulatory roadway width and flare length. More non-measurable design parameters also 

exist, such as the central island’s apron, splitter island and yield line (depending only on whether a 

pedestrian crossing exists or not). The same parameters should be considered for the exits. 
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Figure 3.13 - Parameters for roundabout entry dimensioning 

Some discrepancies in literature arise towards some of the intervals for each parameter, mostly applied 

for each country’s driving experience and pre-existing infrastructures. For example, regarding e, in most 

Central-European countries a maximum of two lanes is used per entry, usually complying with the norm 

“one entry lane per circulation lane”. In Portugal, most of the manuals point towards an extra entry lane 

compared to the number of approximation lanes (i.e. two approximation lanes will result in three entry lanes 

for that roundabout’s entry). The major advantage is the possibility of vehicle stockpiling on entries, as well 

as a better suited entry speed, but it may also cause close-call entries, unnecessary fund expenditure in 

concept phase and a worse driving experience for the user (as he might not understand where he should 

align in the roundabout for his exit). The same can be mentioned for the number of circulation lanes: in 

Portugal it is not unusual to see several roundabouts with more than three lanes (sometimes adding up to 

five), as opposed to the limiting three lanes in rural roundabouts and two lanes in urban (excluding controlled 

cases such as specific types of roundabouts or control-based roundabouts with traffic lights). Brilon’s study 

show that an increase in lanes is connected towards roundabout capacity but can lead towards a higher 

control delay and overall worse driving experience due to higher number/severity of accidents and faulty 

through/entry-movements due to vehicle blockage. [Brilon, W.; 2011] 

Following Portuguese standards, some concept intervals for the previously mentioned variables are as 

follow: 

• Entry width (e) should be equal or larger to the approach width (v), to a maximum size of 

an additional lane for queuing or vehicle dissuasion, being the average interval for v 

between 2,8 and 3,6 meters (it’s also advised not to overextend e over 12 meters or three 

lanes); 

• Entry angle (ϕ) is associated with entry lane trajectory and inner circulation trajectory, and 

should be comprised between 20º and 60º (with optimal values between 30º and 40º); 

• Entry radius (r) is associated with entry speed and the ability to deflect from oncoming 

traffic, and should be maintained over 15 meters, with an exceptional lower bound of 6 

meters for one lane roundabouts in urban areas; 

• Effective length (l’) should be between 4 and 12 meters, in order to allow vehicle 

manoeuvring; 

Additional criteria should be followed upon dimensioning, based on American standards (Federal 

Highway Administration) towards entry speed, visibility and movement deflection. For entry speed, it is 

normally considered under 60 km/h so that they should condition the entry lane’s curvature. For urban 
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roundabouts, an average entry speed is usually considered around 25 to 35 km/h, whereas in interurban 

scenarios, the entry speeds rise to 50 km/h.  

Regarding visibility, this criterion translates in the absence of obstacles towards the roundabout, 

resulting in a clear perception of the entry, circulation and exit. Also, pedestrian crossings should be 

considered in this aspect. As such, a minimum stoppage distance should be taken into consideration, 

regarding the average speed in entry lanes, from a minimum of 40 meters in urban scenarios up to 180 

meters in interurban interchanges. A minimum central ring visibility distance should be considered 

depending on how wide the central island of the roundabout is, ensuring that entering vehicles can perceive 

circulating traffic; however, the same applies to circulating traffic, so much so that it restricts the land use 

in central islands. Finally, for pedestrian crossings upon entering, the minimum stoppage distance should 

account for the crossing’s width, and a similar stoppage distance should be considered for exiting 

pedestrian crossings if it is placed under 50 meters from the exit point. 

For approach and circulatory movements, ensuring some deviation space often translates into an 

overall higher safety level for the roundabout, since it lowers the approach and transverse speed. Therefore, 

a minimum radius for a deflection curve is warranted as well as a safety distance from the central island 

and any existing physical obstacles. This may often result in purposely curving accesses, to make sure that 

both the entry speed and the circulation radius parameters are met. Channelling movements is also highly 

influential towards a roundabout’s LOS, since it assigns a specific lane per entry, thus improving driving 

experience and traffic fluidity. 

Both previously mentioned criteria impact the circulation ring layout and central island’s size and ICD. 

As stated before in this chapter, according to Portuguese conception manuals, three or more lanes are 

possible to be placed in a roundabout should a specific need for it arise. However, regarding lane length, 

an interval from 5 to 15 meters should be considered, depending on the ICD also mentioned before 

(comprised between 25 and 80 meters). A similar interval applies to central islands, where they should not 

compromise the size of the roundabout and, at the same time, respect the length imposed for circulation 

lanes. For urban areas, 5 to 20 meters should be accounted for, rising to 30 meters in interurban areas. 

These values take into consideration roadside width (of minimum 1 meter) as well occupation lane width. 

For the central island’s shape, concentric and homogeneous circles are the standard, also being accepted 

elongated egg-shaped ellipsoids. Their size is mostly dependent on the ICD, varying between 2 and 30 

meters and seldom over 20 meters in urban areas, due to spatial constraints. 

For any roundabout, a simple pattern should be maintained: guaranteeing difficult access and easy 

exits. This ensures a lower risk of accidents while circulating the roundabout, since entry speed is lowered 

to cope with severe entry angles and tighter entry lanes. Furthermore, and due to this rule, it becomes 

simple to leave, since exit lanes tend to be wider and much more perceptible. Ultimately, a LOS increase 

is expected to happen in exits when compared to entries, overall balancing the roundabout.  

Vertical alignment (or slope) also affects the effect of a roundabout’s performance and driver behaviour 

towards it. Should it be placed in an upward steep incline, entry perception is compromised due to low 

visibility rate and vehicle stopping onramp. However, if placed in a downward steep incline, failure-to-yield 

upon entry and higher entry speeds (and breakage difficulties) contribute to a higher accident rate and 

noncompliance with roundabout regulation. Therefore, they should be placed in between 0.5% and 5% (for 

urban settings, being limited to 3% in interurban scenarios). Cross slope also impacts roundabout 

performance, due to skewing towards the centre tends to result in moderate circulation speeds and better 

superficial draining and outer inclination or “inverted V”-shaped tends to be applied for higher circulation 

speeds.  

Certain specific aspects could also be accounted for towards evaluating a roundabout’s effectiveness, 

from public lighting presence and dedicated right-turn exits to implementing cycle and bus-dedicated lanes. 

Alongside the major physical dimensioning aspects, various studies for capacity estimation, delay control 

and saturation for roundabouts should be done in order to successfully implement roundabouts as viable 

alternatives to standard intersections. 
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Figure 3.14 – Roundabout scheme with dedicated cyclist lane (left) and streetlight positioning for optimal 
lighting (right) 

Ensuring enough light in a roundabout helps decrease the number of accidents during the night period, 

be it by loss of control in the circulation ring or invasion of the central island. It also helps to prevent vehicle-

pedestrian collisions, meaning that not only should public lighting be considered adjacent to the driver’s 

path, but also next to entries and exits with crossings. Nevertheless, streetlights represent a potential 

physical obstacle should the vehicle lose control, and should be avoided in central islands, in entries or 

exits next to the lateral kerbs or in splitter islands. 

Dedicated right-turn exits enhance the roundabout’s level of service by diminishing the volume flow that 

enters the main roundabout and shifting it directly towards the intended exit lane. Although an expensive 

measure, it can provide  a fruitful increase in LOS, should the right-turn volume represent at least 50% of 

total volume (from a minimum 300 vehicles/hour flow). Pedestrian crossings, however, tend to contribute 

negatively to the decision of roundabout implementation, since they often compromise pedestrian safety 

and comprise longer footpaths. Only if the volume flow is significant, if there are no alternative pedestrian 

routes or if the roundabout is complemented with traffic lights, should pedestrian crossings be allowed. The 

same premise applies to cyclists. 

 

3.2 Analytical aspects for roundabouts 

In this dissertation, the HCM2010 methodology for roundabouts and the Portuguese adaptation 

provided by FCTUC (Faculdade de Ciências e Tecnologias da Universidade de Coimbra) will be thoroughly 

analysed and compared for the same case study. First, it is vital to understand the importance of capacity 

in a roundabout, since most methodologies use the same basic procedure to dimension them. In any given 

equation, the main goal of the routine is to establish the entry capacity, depending on the conflicting traffic 

flow that is represented per said entry. This is a two-step method: you must initially analyse the conflicting 

traffic flows per entry, meaning that you should specify which conflicting flows contribute to block an entry; 

and then, based on that value, you run the methodology-specific equation to obtain the entry capacity. 

Associated with the previously mentioned conceptual and geometric aspects, it is likewise necessary 

to identify analytical aspects are to be considering when evaluating a roundabout’s LOS. As stated in 

HCM2010, the LOS approach proved successful in thoroughly comparing major aspects of highways and 

was subsequently adapted into other network constraining points, allowing pinpointing the necessary 

evaluation targets for each constriction point and further understanding how each of these would influence 

each network component. Signalized intersections benefited from the same inclusion in the LOS evaluation 

scope, and parameters such as traffic movement (both amount and distribution), traffic composition, 

geometry and specific details from the intersection became fundamental to enable a concise dimensioning 

of intersections.  
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Figure 3.15 - Roundabout circulation flow example (EW bound is conflicting for a Northbound evaluation) 

Meanwhile in Europe, many different approaches to compare and improve existing roundabouts were 

made, using several methodologies: 

 

• The Transport and Road Research Laboratory (TRL) devised the UK’s roundabout 

methodology, where the capacity from an entry flow is obtained by a linear function of a 

one variable, the circulating flow, with six geometrical inputs acting as sensitivity factors; 

• The French methodology was developed in 1980 by SETRA (Service d’Etudes Techniques 

des Routes et Autoroutes), and resembles the same principle as the TRL method, ergo, a 

linear function dependent on inbound traffic flow and circulating flow, with similar geometric 

factors (concerning the width of the entry triangular island separator SEP, circulation ring 

width ANN and entry width ENT); 

• Unlike the UK’s approach, founded on empirical models, the German version is based on 

a probabilistic model, where the defined parameters are the number of entry lanes and 

existing circulation lanes, meaning that the conflicting flows are calculated based on gap-

acceptance models;  

• The Swiss opted for an adaptation from the German’s approach, while funding it in a 

probabilistic model and maintaining a solid database for one entry roundabouts and 

expanding it towards an empirical adaptation for two or more entries. Their method also 

includes the distance between conflict points as a geometrical parameter, necessary for 

the coefficient of influence in exit flows α;  

• The Portuguese model was adapted by FCTUC from the TRL empirical model, where some 

dimensioning parameters for each geometrical factor were changed to suit right-hand 

driving, Portuguese networks (based on occupancy and geometric aspects of Portuguese 

roundabouts) and driving habits for Portuguese drivers. 
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Figure 3.16 - Formulae for roundabout capacity estimation, per country 

Regarding the FCTUC approach: 

 

• The F factor represents the maximum capacity available in an entry lane, which bears a 

close dependence of entry lane-related parameters such as e, v and l’. This parameter will 

assume a minimum of 335,47v (v being the approach width), if the entry width and 

approach width are equal. F also represents the maximum value that a conflicting flow can 

obtain until it prevents further entries in the roundabout; 

• The fc factor stands for corrective factor of conflicting traffic flow, as it adapts the pre-

existing circulating flow into a comparable measure to the maximum capacity available per 

entry;  

• The accumulation potential factor 𝑡𝐷 is responsible for expressing the amount of vehicle 

accumulation possible in the roundabout, mostly expressed as a function of ICD. 𝑡𝐷 is 

represented by an interval of values around 1,983 for smaller roundabouts up to 1,4915 for 

larger ones. This means that smaller roundabout radiuses tend to accumulate less 

circulating traffic, representing fewer conflicts for entering traffic flows. 

• The k factor represents efficiency ratio per entry, directly related to the entry angle (angle 

between entry and conflicting flows) and inversely related to the entry radius. Drivers are 

expected to experience the full benefits from smaller roundabouts, where the entry angles 

are around 30º and entry radiuses 20m. 
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As the capacity per entry lane is calculated, flow volume per entry movement should also be considered 

to fully evaluate a roundabout. According to the FCTUC/TRL methods, a roundabout is expected to function 

continuously without any delays until one of the entries is saturated, meaning that the volume to capacity 

(v/c or X) ratio is 1. In design and capacity evaluation stages, it’s quite common practice to adopt a 

maximum value of 0,85 in v/c ratio as a security measure against capacity overload, vehicle spillback and 

queue formation. When saturation occurs, the maximum capacity flow enters the roundabout as the 

remaining vehicles start queuing. The next entry lane imminent to saturate is then evaluated and leftover 

capacity is reviewed to account for further queues.  

Calculating delay time is slightly more complicated: although the data is extremely relevant to both 

commuters and traffic and urban planners, it is not possible to fully determine the precise amount of delay 

time per entry. Instead, two distinct situations for queue-generating are identified: a steady-state stationary 

theory, where a permanent non-saturated circulation flow leads to delay times and queuing; and a saturated 

deterministic theory, in which the entries are saturated while vehicle flows are still ongoing (modelled in 

constant time-intervals).  

Both methodologies model different queue-forming periods, yet both struggle when the intended 

analysis timeframe is the saturation point. The first scenario tends to over-stretch queues to infinity as soon 

as the volume reaches the capacity, failing to properly gauge the fact that the accumulation period is usually 

relatively short (within 15 to 30 minutes for normal traffic flows, usually leading to the restructuring of entry 

flows). On the other hand, the second scenario accounts for an unrealistic and instantaneous creation of 

queues, meaning that in each timeframe before saturation (considered the instant t-1sec.), there is no 

delay/queue, and when saturation is reached (t), an accumulated delay time/queue is created.  

The HCM counterpart for roundabouts is derived from unsignalized intersections. Founded on a similar 

dimensioning philosophy as the TRL, a potential entry capacity is calculated and compared with the 

approach volume flow. Notwithstanding several case studies to back up the critical gaps and follow-up 

times intervals, the lack of geometrical parameters for each roundabout make the HCM approach a more 

generic one. Several physical aspects that affect driving conditions are derived from the curve nature of the 

roundabout and failing to extract any correspondent parameters significantly reduces the scope of this 

methodology. Nevertheless, it serves to establish a baseline for potential capacity values. 

The HCM methodology for roundabout LOS calculation is comprised of the following steps: 

 

1. Converting movement demand volumes to flow rates, by taking into consideration the 

Peak Hour Factor and demand volume captured for a specific movement; 

2. Adjusting vehicles for heavy vehicles; 

3. Determining circulating and exiting flow rates; 

4. Determining the entry flow rate by lane; 

5. Determining the capacity of each entry lane as passenger car equivalents, by using the 

proposed equations (see table 1); 

6. Adjusting for pedestrian impedance; 

7. Converting lane flow rates and capacities into vehicles per hour; 

8. Computing volume/capacity ratio per lane; 

9. Computing the average control delay per lane; 

10. Determining the LOS per each lane on each approach; 

11. Computing the average control delay and determining the LOS for the whole roundabout; 

12. Computing the 95th percentile queues for each lane. 
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Lane Number 1 Circulating Lane 2 Circulating Lanes 

1 Entry Lane 𝐶𝑒,𝑝𝑐𝑒 = 1130𝑒(−1,0𝑥10−3).𝑣𝑐,𝑝𝑐𝑒  𝐶𝑒,𝑝𝑐𝑒 = 1130𝑒(−0,7𝑥10−3).𝑣𝑐,𝑝𝑐𝑒  

2 Entry Lanes 𝐶𝑒,𝑝𝑐𝑒 = 1130𝑒(−1,0𝑥10−3).𝑣𝑐,𝑝𝑐𝑒  
𝐶𝑒,𝑅,𝑝𝑐𝑒 = 1130𝑒(−0,7𝑥10−3).𝑣𝑐,𝑝𝑐𝑒  

𝐶𝑒,𝐿,𝑝𝑐𝑒 = 1130𝑒(−0,75𝑥10−3).𝑣𝑐,𝑝𝑐𝑒  

Table 3.1 - HCM2010 formulae for roundabout capacity calculation, depending on lane number 

When the various methodologies were discussed, the notion of probabilistic and empirical models was 

mentioned. Both models are widely recognized as structural to explain the evolution of traffic throughout 

daily situations, serving as stepping stones to model various roundabout-specific aspects: 

• Statistical or empirical models are based on empirical data, meaning data that was 

collected from multiple experiences and observations in similar case studies to form a 

general database for future references and comparison; 

• Probabilistic models tend to create a probability distribution to explain certain phenomena, 

they base their knowledge on mathematical approximations instead of experimental 

backgrounds; 

• Acting as a hybrid mixture of both systems, simulation-based models are designed to 

provide a tailored fit for a specific case-study, as well as a mean to provide several 

changes throughout simulations without compromising the whole structural model. 

Statistical or empirical models infer that current traffic approaches and distributions are both evolutive 

and organic, since they can be traced from their original patterns and continuously studied to roughly predict 

their future outcome. Logically, each traffic distribution is greatly influenced by the nature of the case-study 

itself, meaning that empirical theories may not always apply for different solutions. Regarding roundabout 

traffic, empirical models became widely acknowledged when their modelling counterpart (probabilistic 

models associated to gap theory) failed to identify a link between capacity and circulating flows. By 

establishing a direct relation between capacity and entry/conflicting flows and correlating both to several 

geometrical parameters to account for the roundabout’s design, the statistical/empirical model was the 

response to roundabout-modelling issues that allowed several traffic ideologies, such as the TRL 

methodology, to evolve. [Crown, B. 1999] 

In traffic terms applied to roundabouts, the gap acceptance theory is based on probabilistic models that 

attempt to reproduce a mathematical function to account for “gap-filling movements”. A gap-filling 

movement, or gap acceptance, can be explained as a movement from a given traffic stream that requires 

a certain physical gap to take place, such as merging onto a lane, parking a vehicle or entering an 

unsignalized intersection or roundabout. Gap acceptance is an extremely variable parameter, as each 

driver has their own critical gap established, depending on the amount of traffic he’s subjected to, amount 

of time in queue, type of vehicle in gap’s traffic stream, driver’s condition and gender and even presence of 

passengers in the driver’s vehicle. Although not so frequent in roundabout capacity calculations, some gap 

acceptance models have been established as a modern alternative to empirical models, such as the SIDRA 

calculation9. 

Some simulation aspects allow the user to specify certain intervals for crucial design elements, and 

even provide some feedback regarding their variation. Moreover, the versatility imposed by a simulation 

model allows much more freedom in designing complex or detailed scenarios, hence being the adopted 

method for gauging the thesis’ case-study. The main downside is that, while it can be extremely well-

adjusted to the studied model, it might not realistically translate the actual traffic situation. Its high 

                                                             
9 SIDRA Intersection is a traffic engineering software developed in 1984, currently being commercialized by Sidra Solutions. It models 

roundabouts and signalized intersections based of the Australian method NAASRA, focusing primarily in determining the critical gap 

and follow-up headway, from a probabilistic approach. 
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dependence of the user’s know-how and experience in determining whether the input data and consequent 

response is accurate make simulation an arduous and iterative task, with a high inflow of traffic data, and 

an associated risk of validation. There are few direct answers to eliminate the risk of validation, but several 

risk mitigation strategies are often considered. 

 

3.3 Micro-simulation aspects relevant for software choice and parameter variability 

Apart from theoretical models, simulation has been widely accepted as an effective method for 

validating traffic proposals and changes in layout, traffic planning and whole solutions. One can define 

simulation as Drew did back in 1986 – “a dynamic representation of the real world, obtained from building 

a model and varying it in time”. A traffic scenario is set, complete with entry data provided by the analyst, 

and the provided results will provide the analyst a detailed description of what is likely to happen. It is also 

advantageous to provide a plethora of scenarios and comparing them, without any impact for the actual 

users. [Quoted by Macedo, 2013] 

Divided into three different scopes of simulation, depending on the amount of detail present in the 

simulation, traffic simulators can be either macroscopic, mesoscopic or microscopic. The level of detail 

increases by the previous order, meaning that macroscopic models will analyse a whole network grid or 

area, whereas microscopic models are mainly used for intersections or smaller sections of the network. 

There are also nanoscopic traffic models, specifically developed to simulate the vehicle’s behaviour in an 

intersection, street section or any other scenario with vehicle interaction. These models are mainly used to 

simulate and refine advanced driver-assistance systems (ADAS). 

Traffic simulation models also vary according to their temporal variability and can be either static or 

dynamic. In static traffic models, time is not relevant for the simulation but instead the supply/demand 

interaction in the studied infrastructure, whereas in dynamic traffic models, a variation of each traffic variable 

is set over time. Static models are based in the traditional four-step model, with its steps being trip 

generation; trip distribution; mode choice and route assignment. Dynamic models comprise most simulation 

systems and can be distinguished between continuous (traffic changes happen uninterrupted in time) and 

discrete (traffic changes cause a disruption in the overall model over time or over specific events). Besides 

temporal variation, each simulation model can also vary each of his elements in different approaches: 

• Deterministic: the general vehicle behaviour is perfectly defined, since each variable is 

characterized by its mathematical definition (analytically defined with pre-set assumptions). 

Each value can be exactly determined, without accounting for randomness of events. In 

sum, a deterministic simulation will present the same results should the same situation be 

simulated twice, as long as the initial conditions, entry flow data and borders are kept. 

• Stochastic: reflect the possible variations of each underlying variables, by considering them 

random and following probability-based laws. Simulation models with these methods 

usually rely on some random variables sampled on the actual testbed. Constitutes the most 

commonly used to start a random selection problem, from which a proper probabilistic 

numeric approach can be developed. Random samples can then be adapted random 

variables from known probability density functions. By using at least one stochastic variable 

in a traffic simulation model, at least two simulations with the same initial conditions, entry 

flow data and borders have to be run, with different outputs between them. 

The same model can then be considered in a deterministic or stochastic approach. This can, for 

example, be applied to driver’s reaction time as a variable, in a constant or random value. In this setup, the 

intended analysis scope was from a microscopic point of view, permitting the study of both vehicle gap-

acceptance aspects as well as the insertion of several geometrical factors into the equation. 
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In micro simulation, vehicle/driver behaviour models are the core component that includes each 

individual driver flow into the general simulation. Most models are based around the movement equation, 

focused on acceleration of a vehicle (𝑎𝑖) as a derivative of speed over time (𝑣𝑖): 

 
𝜕2𝑥𝑖

𝜕𝑡2 =
𝜕𝑣𝑖

𝜕𝑡
= 𝑎𝑖 [Macedo, 2013] 

 

Alongside gap acceptance models, the most common ones presented in micro simulation are car-

following, free-flow general acceleration and lane-changing models. Car-following models focus in 

describing mathematically the effects of vehicles following other vehicles, as well as the speed effect and 

dependency, especially in queue accumulation behaviour. 

In this case study, a distinction between what is assumed as variable and parameter is crucial. The 

outputs of this model will be referred to as “variables”, since they will be used in the equation for roundabout 

comparison. This includes, but is not limited to, geometrical variables for the roundabout’s design, as well 

as capacities for entering and circulating traffic. The “parameters” will represent innate drivers’ aspects that 

will vary throughout each set of simulations to provide a more realistic approach to the outcome. Several 

different parameters have been defined in previous works as they are relevant for the overall study and 

easy to gauge using the intended software. The most relevant parameters for this thesis’ scenario are: 

 

• Speed acceptance 

• Headway and gap-acceptance thresholds 

• Maximum acceleration 

• Maximum deceleration 

• Sensibility factor 

• Margin required for overtaking vehicles 

 

The introduction of the seven above-mentioned parameters will account for some variations that 

otherwise would not be tracked in the defined variables. By integrating driver aspects that reflect their 

average driving skills, the analysis behind the model will become more realistic, as well as the average 

driver situation. For example, assuming that all drivers issue a given minimum headway would result in a 

steady headway value for the simulation. By recalculating several trials with different accepted minimum 

headways, an interval of outcomes would be provided, thus resulting in a sturdier model, as well as a 

possibility to see the effect of each parameter within the whole model. This strategy is in line with what was 

previously defined as a stochastic approach towards each individual parameter, to ensure a diverse 

environment of simulation. 

Gettman and Head (2003) compiled a wide comparison between the most common microscopic traffic 

simulation models, following a list of criteria. However, mostly due to protocol issues due to academic 

restraints, this thesis will confine its comparison between the licensed possibilities, VISSIM and Aimsun. 

Aimsun is a software developed and distributed by Transport Simulation Systems (TSS), which focus on 

driver behaviour algorithms to provide a better understanding for gap-acceptance and lane-changing 

constraints, directly related to the intersection’s global efficiency. VISSIM was created by Planung Transport 

Verkehr (PTV Group) and emphasises traffic operations in signalized environments, while using driver-

behaviour algorithms to determine vehicle headways. 

On the topic of calibration of parameters and data extraction, both AIMSUN and VISSIM proved to be 

very identical, since: 

 

• Both allow gap-acceptance criteria change by delay, vehicle length in gap logic and 

variable headways. 
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• Both permit import/export of several data files, such as vehicle states, gap-acceptance 

events and conflict states. 

Some minor differences regarding behavioural modelling are shown, mostly directed towards turn 

speed, multi-lane merging, parking manoeuvres (allowed by VISSIM, not supported by Aimsun) and 

variable driver’s reaction time (acceptable by Aimsun, not supported by VISSIM). Ratrout and Rahman 

compiled in 2009 a series of comparisons and consequent conclusions from different authors, towards 

similar simulation programs: 

 

• Panwai and Dia (2005) evaluated car-following behaviours between Aimsun, VISSIM and 

PARAMICS, only to find lower error values in Gipps-based (based on commuter’s 

behaviour and vehicle expectancy in a traffic stream) models in AIMSUN. 

• Hadi et al. (2007) delved into capacity reductions due to incidents and concluded that some 

parameter calibration was necessary for acceptable results. For both Aimsun and VISSIM, 

incident-detailed time-variant parameters were not necessary. 

• Xiao et al. (2005) determined that both Aimsun and VISSIM can model standard traffic 

constraints efficiently, and that both simulators have a similar accuracy. 

From one point of view, the increased amount of simulation parameters, calibration and validation-

iterative process may make it more time consuming. Also, the simplification in traffic modelling is restricted 

by various limitations, and an accurate fit for the case-study should be ensured. 
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4. Case study presentation: Marquês de Pombal roundabout.  
 

In this chapter, the intended milestones are: 

• Retracing the layout changes and different scenarios existing in the case study; 

• Explaining the methodology used for data gathering and data extraction; 

• Providing the background needed for the AutoCounters routine; 

• Compiling the O/D matrices for morning and afternoon peak hours. 

 

4.1 Historical background and layout evolution 

To fully understand its insertion and impact in Lisbon’s city centre, it is indispensable to analyse the 

evolution of the case study subject, the Marquês de Pombal roundabout. In this chapter, a timeline will be 

drafted alongside the many changes subjected in this area building up to its actual state, as well as an initial 

comparison between the methodologies used to categorize this roundabout and the accesses’ capacity 

values. Being a project that spanned over eighty years since its first idea and forty years to be completed, 

the importance of the Marquês de Pombal roundabout is obvious. Often viewed as one of the main 

accesses to the city centre and compared to major capital squares such as L’Arc du Triomphe in Paris or 

Piazza San Pietro in Vatican City, this grand engineering conception managed to bring to life a modern 

approach to Lisbon’s city centre, envisioned by the project’s main contributor Ressano Garcia. It bears an 

homage to D. José I’s estate secretary during the 18th century, Sebastião José de Carvalho e Melo (usually 

addressed by his title of Marquis of Pombal, later becoming as previously mentioned the case study 

roundabout’s name), regarding his multiple contributions towards the rebuilding of the city after the 

earthquake in 1755. 

Besides granting a vantage point towards the river and the city centre, this roundabout was better 

known as a flux dispenser towards the commercial area of Lisbon, connecting it to inbound and outbound 

traffic during peak hours to Lisbon’s outskirts and vicinities. This is the main cause for the high vehicle 

demand and elevated conflicts in the roundabout, alongside a dubious roundabout geometry and with no 

proper traffic light planning. Alongside erratic driving behaviours and failure to comply with the speed limit, 

most drivers labelled it one of the most hazardous places to drive in the city. 

 

  

Figure 4.3 – Visualization of the Marquês de Pombal roundabout layout, before (left) and after (right) 

As an initial response plan, the main entry and exit flows were equipped with a coordinated traffic light 

plan, fully integrated with Lisbon’s Municipality (CML) central system GERTRUDE10, in order to control the 

traffic flows during peak time. Although this measure proved to be useful, follow-up measures to keep up 

                                                             
10 GERTRUDE is a French urban traffic center (UTC) and stands for gestion électronique de régulation en temps réel pour 

l’urbanisme, les déplacements et l’environnement 
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with traffic flow evolution were scarce and an alternative route set to respond to the unbalanced tendency 

of the towards the city’s central axis was eventually deemed necessary. As a result, in the beginning of the 

new millennium, the projection phase for a tunnel connecting the main accessed and effectively bypassing 

the roundabout started.  

Initially estimated to be finished by 2004, the tunnel predicted an attenuation of traffic flow to the 

roundabout by creating several accesses towards the major roundabout entries. Both Fontes Pereira de 

Melo and Joaquim António Aguiar avenues were adapted with dedicated entry/exit lanes to accommodate 

westbound vehicles, as well as an additional exit in António Augusto Aguiar avenue as a rerouting measure 

towards Praça de Espanha. The estimated effects were successfully predicted although the direct results 

would only appear three years later, due to political constraints, lack of approved projects with technical 

traffic studies and subsequent construction delays. Also, due to a tender release regarding the metro 

system renewal and financial issues regarding contractor debts, the last exit towards António Augusto 

Aguiar avenue was only concluded in 2012. Although the tunnel’s main entrances had been concluded 

back in 2007, the usage of the roundabout continued strong and, from then on, the traffic situation was 

normalized. After the conclusion of the tunnel, the last remaining piece of infrastructure to enhance was the 

roundabout itself. 

 

 
Figure 4.4 – Tunnel project and accesses 

Several impact areas surrounding the case-study roundabout are displayed in figure 3. The central axis 

is outlined by Fontes Pereira de Melo/República avenues (shown in bright yellow) and Liberdade avenue 

(shown in orange) and composes the main destination areas during morning peak hours, while the A5 

highway and Duarte Pacheco viaduct (shown in green) compose the main origin areas. There’s also a 

dense concentration of vehicles along the blue path, up to Praça de Espanha. 

During the afternoon peak hour, the situation is reversed, as the main accesses to the highway are 

saturated or overloaded thanks to the incoming flows from the central axis. It is also important to highlight 

the connection between Praça de Espanha and another freeway access to 2ª Circular and subsequently to 

IC19, since it’s responsible for the accumulation of traffic during the afternoon peak. Finally, the A5 highway 
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and Duarte Pacheco Viaduct are also affected during the afternoon peak hour due to outbound vehicles 

towards the 25th of April bridge, which represents an impedance effect towards accessing the roundabout.  

 

 
Figure 4.5 – Impact areas surrounding the Marquês de Pombal roundabout 

In 2012, an announcement was made by CML to declare that the Marquês de Pombal roundabout 

would undergo a trial period with some major changes regarding accesses and circulation flow. Two 

concentric roundabouts destined to main and secondary traffic ways respectively were adapted from the 

previous layout, leaving the outer roundabout to allow local traffic access and the inner one to ensure the 

main distribution flow. The focus behind these changes was not a traffic approach, but rather an urbanistic 

requalification to ensure that pedestrians would gain a safer crossing environment in a previously vehicle-

driven scenario. This led to wider sidewalks and pedestrian carriageways by reducing the amount of lanes 

present. Accordingly, the intended inbound and outbound flows in the roundabouts were predicted to 

diminish as a direct result from the traffic volume absorbed by the tunnel, to promote the safety distance 

between vehicles as well as higher flow rate per lane. Moreover, the whole area would benefit from noise 

and pollution reductions with this new approach, while maintaining its status as entrance to the business 

district area. 

The new concept for the roundabout transformed Braamcamp Street and Duque de Loulé Avenue to 

secondary roads, since they can only be accessed now via the outer roundabout. With this, the traffic 

focused on the inner roundabout becomes primary and can only head towards main connection roads. 

Also, several pedestrian crossings were added to help promote speed enforcing measures and pedestrian 

safety, while the outer lanes were widened to increase capacity and the bus lane was suppressed. Finally, 

one of the inner roundabout’s lanes vanished to increase the number of green areas in the circulatory 

space. 

In par with the tunnel’s construction and traffic flow movement requalification in Liberdade Avenue, one 

additional factor was responsible for the reduction of traffic in the downtown area: the creation and 

enforcement of the low emission zone ZER (after Zona de Emissão Reduzida in Portuguese). This 

guarantees that vehicles circulating towards the downtown area of the city must comply with a EURO 2 

emission conduct, which translates in vehicles produced and licensed prior to the year 1996. This measure 

was maintained by supervision in several random checkpoints, where vehicles were often inspected by law-

enforcers. As of 2015, vehicles must now comply with a EURO 3 emission conduct (prior to 2000), which 

further cuts back the traffic volume accessible to the centre. 
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Figure 4.6 – Aerial view of the former roundabout layout (left) and schematics presented by CML for the 

latter layout (right) 

 
Figure 4.7 – Low Emission Zone ZER pre-2015, divided in EURO 2 (purple) and EURO 3 (blue) 

One study conducted by Lisbon’s Engineering Institute (ISEL) studied pollution levels in the recent 

tunnel under the roundabout and discovered that levels of lead (Pb) and nickel (Ni), highly toxic particles 

that can cause lung-related diseases, were present in highly hazardous levels, about 5 to 15 times superior 

to the outside levels, greatly surpassing the maximum tolerated levels for tunnels, notwithstanding the 

elevated implemented grade (9% versus the average 6% for tunnels with such lengths) and high practised 
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speeds. This study highlighted that a better speed enforcement was needed, alongside some better 

ventilation methods to safeguard air circulation and quality.11  

 

4.2 Data gathering and extraction. 

Data gathering is perhaps as important as the methodology definition and pre-simulation verifications. 

If the required inputs in a system do not correspond to reality, then the whole representation of said system 

automatically becomes null and void.  

Initially, the inclusion of a small yet significant real-time sample (two 15-minute periods per peak-hour, 

in normal working-day conditions, resulting in a total of one-hour footage from a bird’s eye perspective) was 

considered. For this, however, a camera would have to be either implemented atop the roundabout’s 

monument, or a drone system would have to be considered. Neither of these solutions proved to be 

possible, since there were no means to obtain a license from the municipality to implement a camera atop 

the monument or physically install it, and the use of a drone would violate privacy rights due to image-rights 

infringement.  

Consequently, the next step was to consider the surrounding buildings as platforms, and by placing two 

coordinated cameras, a full capture would be possible (as the blind spots from both cameras would 

complement themselves). After consulting with the responsible entities and establishing an adequate height 

to capture a wide enough angle for the roundabout’s entry and exit points, two vantage points were 

considered: the Fenix hotel rooftop and EDP’s balcony. In order to balance the recording devices, two 

camera tripods were installed and subsequently adapted. Instead of a normal camera fixation device, an 

additional hook made out of magnets and rubber bands served as a platform for a velvet casing that 

engulfed the device, rendering it immobile and safe against weather effects, such as rain or wind. The 

actual recording of the roundabout’s vehicle influx will only account for the present traffic load, and a traffic 

still-frame would still be required for the “before” scenario of the simulation. An additional evaluation that 

took into consideration vehicle motorization rate from 2010 up to 2013 was carried out, alongside data 

provided from Lisbon’s municipality prior to the roundabout’s layout change. This served to create a 

baseline scenario to compare the subsequent traffic volumes. 

 

 
Figure 4.8 – Street view of the case study roundabout12 

The intended monitoring parameters for roundabout simulation are directly related to entry and 

circulation flow, as depicted in chapter 3. However, it is also possible to establish signal plan 13and phase 

duration for the morning and afternoon peak hour, as well as determine some headway and capacity-related 

information relevant for the simulation. Nevertheless, the data that would result from this collection would 

                                                             
11 This information is relevant to this thesis in two aspects: first, to better understand that there was indeed a high 
allocation of traffic from the roundabout to the tunnel, which means that the results extracted from this study, while 
influencing the overall accessibility of Lisbon’s city centre, must be complemented with similar studies for the tunnel 
and second, it is predicted that the inbound/outbound traffic flows for the roundabout should vary significantly when a 
scenario analysis is made.  
12 The depicted points in figure 7 appear as the tall buildings on the left (orange circle – EDP) and right (blue circle – 
Fenix hotel). 
13 As this is based on observed data, green and red can be interpreted as periods where vehicles are moving and 

where vehicles are stationary, respectively. For the final signal plan, inter-green and amber time changes are taken 
into consideration. 
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be considered as raw and would require some reviewing, by verifying it with statistical tests and cross-

checking with the baseline data, before it can be converted into comparable volume charts for simulation 

upload. 

 

 
Figure 4.9 – Aerial view of the case study roundabout, with angular representation of each camera 

For vehicle counting and classification, both videos and local counts were needed, as the video angle 

did not suffice for a widespread analysis of both roundabouts. Both videos were combined and then 

analysed to obtain traffic information. Vehicles were both counted and classified per entry and exit point, 

and only valid if shown in both screens. Each entry or exit point was analysed three times, to ensure proper 

vehicle count values, vehicle phase times and average pedestrian phase time. Due to GERTRUDE’s 

programming not being fixed nor incremental, but instead dynamic, an approximated fixed time signal plan 

was devised as an easier alternative to simulate. 

Four different sets of data tables were organised, to account for both roundabouts and both peak hour 

periods, along with a timestamp per phase, number of vehicles by category, average duration counted per 

interval and total average phase duration. The average value, standard deviation and variance were also 

calculated, based on the size of total sample, to provide a better understanding of the relevancy of the 

information gathered. When the process is done per entry/exit point, total values are gathered and 

compared, to verify matching entry and exit flows. In most cases, difference percentages were under 10%, 

except for the morning period in the inner ring roundabout, concerning small and medium cars; and for the 

afternoon period in the outer ring roundabout, concerning heavy vehicles. This data tables can be consulted 

in Annex A. 

To aid in the vehicle counting task, a MATLAB routine was developing to concatenate both videos, thus 

enabling the intended aerial view. Thanks to this combined video, the error percentage for human error is 

expected to diminish, since it becomes possible for the analyst to track each individual vehicle and 

determine the specific destination per vehicle. The idea behind the programming routine was to rewrite both 

videos, frame by frame, shadowing the centre of the statue. Both videos will be rewritten into a single 

cropped 1000x1000 pixel video, because of the lowest resolution of both original videos.  

An additional routine ensued, responsible for the extraction of the background. For the extraction, the 

resulting video from the first routine is opened and it becomes necessary to analyse sets of 10 frames, and 

determine which objects changed position. Those objects are considered “non-background” and should be 

the only images left in a newly written one. A third routine was envisioned to count how many vehicles exist 

per frame, while displaying it in a frame counter. A threshold could be placed, to define the minimum number 
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of pixels associated to a vehicle, to reduce redundancy. A detailed and commented version of the 

programming code is included in Annex A. 

In addition to this routine, three main components relevant to the simulation can also be obtained here 

via statistical analysis: arrival type and congested flow rate after green; fixed time plan for the roundabout 

and data viability in each entry and exit. Arrival type or platoon ration is a parameter that measures the 

quality of signal progression, indicating the number of vehicles successfully crossing during green time and 

taking into consideration the proportion of vehicles arriving on green. This will then translate into an arrival 

type varying from 1 (very poor progression quality) to 6 (exceptionally favourable progression quality). 

Based on the type of arrival, a qualitative comparison can be performed between the theoretical and 

simulated model. 

The fixed time plan will be presented as an estimate of time spent per observed cycle, since there is 

no data history for that time in the case-study roundabout. Also, assuming a pre-timed programming for the 

signal plan results in both a method simplification (meaning that both indicators kmin for incremental factor 

delay and e for loop extension time per trigger will not be considered in the equation), both models of the 

roundabout will be tested with the same time plan. Having two different signal plans, one gathered from 

observation while collecting data and one provided alongside CML’s report, this thesis will use the one in 

data collection for creating the database and the one provided by CML to evaluate the models in chapter 

5. 

Also, the veracity of the information gathered should be verified to make sure that human error and/or 

calibration of the model worked as intended. As such, a chi-squared methodology was used to predict if the 

collected data are statistically correlated with the population. For this, an average vehicle number per trial 

must be calculated, by transforming heavy vehicles in 2.0 vehicles and motorbikes into 0.5 vehicles. The 

total number of vehicles per observed interval is then used to calculate the vehicle average per observed 

interval, per segment. These are the required inputs to plot a chi-squared graph, as presented in graph 1. 

For statistical relevance, the chi-squared value must be calculated per interval, and its sum will be the 

reference value that should be between the intended upper and lower bound, depending on the confidence 

interval. In Annex A, a more detailed explanation on how to create these tables and validate each entry/exit 

is displayed. 

 

Table 4.2 - Poisson calculation for Fontes Pereira de Melo (FPM entry) 

   Total (Av.) 

  Total (Av.) Poisson Total Obs.-E. (Obs.-E.)2 X2 

1 21,50 7,12969E-10 -2,7500 7,5625 0,3119 

2 22,00 8,64475E-09 -2,2500 5,0625 0,2088 

3 31,50 6,98784E-08 7,2500 52,5625 2,1675 

4 22,00 4,23638E-07 -2,2500 5,0625 0,2088 

5 36,00 2,05464E-06 11,7500 138,0625 5,6933 

6 31,50 8,30418E-06 7,2500 52,5625 2,1675 

7 19,50 2,87681E-05 -4,7500 22,5625 0,9304 

8 23,50 8,72032E-05 -0,7500 0,5625 0,0232 

9 21,50 0,000234964 -2,7500 7,5625 0,3119 

10 21,00 0,000569788 -3,2500 10,5625 0,4356 

11 26,00 0,001256123 1,7500 3,0625 0,1263 

12 26,00 0,002538416 1,7500 3,0625 0,1263 

13 24,00 0,004735122 -0,2500 0,0625 0,0026 

14 27,50 0,008201907 3,2500 10,5625 0,4356 
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15 24,50 0,01325975 0,2500 0,0625 0,0026 

16 19,50 0,020096809 -4,7500 22,5625 0,9304 

17 20,50 0,028667507 -3,7500 14,0625 0,5799 

18 18,50 0,038621503 -5,7500 33,0625 1,3634 

 24,25    16,02577 

 

For the morning period, 2 out of 6 observed traffic volumes for the inner roundabout and 2 out of 10 for 

the outer roundabout exceeded their 99% confidence interval, meaning that they would not be 

representative of the population. This can be explained due to the video angle of both cameras not covering 

the entire section of two lanes, as well as human error associated with manual vehicle counting for the 

outer roundabout values. When validating the video, a significant part of the inner roundabout is occluded, 

not fully showing the number of vehicles entering from and exiting towards Avenida da Liberdade, thus 

causing more missed vehicles. The extent of this impact is seen mostly on the exit volume towards Avenida 

da Liberdade and Fontes Pereira de Melo. As for the outer roundabout, the entry volume flow from 

Braamcamp is occluded by the adjacent building’s shadow, possibly leading to double counting and/or 

disappearing vehicles. In Avenida da Liberdade, a higher error percentage is expected due to manual 

counting.  

For the afternoon period, 3 out of 6 observed traffic volumes for the inner roundabout and 1 out of 10 

exceeded their 99% confidence interval, not being representative of the population. This can be justified by 

early nightfall and subsequent loss of visibility, especially in Joaquim António Aguiar due to vehicles 

travelling against the video flow and not displaying their headlights. The same problem as in the morning 

period was detected, leading to the non-coverage of Avenida da Liberdade. Yet, in this scenario, the most 

affected volumes were the entry volume from Avenida da Liberdade and the exit volume to Fontes Pereira 

de Melo. In the outer roundabout, the same lack of visibility is expected, and the loss of vehicles happens 

in the same area, Joaquim António Aguiar. 

As a result, detailed origin/destination tables regarding the number of vehicles per direction and 

percentage of direction shift were produced. One of these matrixes is presented in table 3, and the afternoon 

peak hour period matrix is displayed in Annex A. Also, the percentage of vehicles that returned to the same 

entry point was calculated. These vehicles were not removed for the calculation, as they were represented 

as “commuter error percentage”, that is, number of vehicles that access and exit the roundabout towards 

the same street. This will be necessary when determining the number of vehicles to load in the simulation, 

as well as defining the scenarios to evaluate both roundabout models. The next step will be comparing this 

validated and processed information with the one provided by CML from their viability study in 2010. 

 

Table 4.2 - O/D matrix for the morning peak hour period, for the captured 30 minutes 

Entry/Exit FPM JAA Br. AvLib2 AvLIB DL Total 

FPM 28 272 252 0 286 14 852 

JAA 137 25 53 0 257 123 595 

Br. 23 0 0 0 134 20 177 

AvLib1 21 2 0 0 72 81 176 

AvLIB 321 249 50 15 11 64 710 

DL 144 23 8 0 4 0 179 

Total 674 571 363 15 764 302 2689 
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Table 4.3 - Example of a volume flow table for entry vehicles from Fontes Pereira de Melo (FPM) 

1 Inner Roundabout (Entry FPM)        

Timestamp is Relative to Video (09.13)   Duration (sec) Standard Deviation 

Green Period Red Period Vehicles Trucks Motorbikes Green  Red  No. Of Vehicles No. Of Trucks No. Of Motorbikes 

00.43 01.03 01.03 02.23 19 1 1 20 80 -2 0 -1 

02.23 02.43 02.43 04.03 20 1 0 20 80 -1 0 -2 

04.03 04.33 04.33 05.38 29 1 1 30 65 8 0 -1 

05.38 05.58 05.58 07.18 18 2 0 20 80 -3 1 -2 

07.18 07.38 07.38 08.58 31 2 2 25 75 10 1 0 

08.58 09.33 09.33 10.38 28 1 3 35 65 7 0 1 

10.38 10.53 10.53 12.23 13 3 1 25 90 -8 2 -1 

12.23 12.43 12.43 14.03 21 1 1 20 80 0 0 -1 

14.03 14.13 14.13 15.38 21 0 1 20 85 0 -1 -1 

15.38 15.58 15.58 17.18 18 1 2 20 80 -3 0 0 

17.18 17.38 17.38 18.58 21 2 2 20 80 0 1 0 

18.58 19.13 19.13 20.33 20 2 4 15 80 -1 1 2 

20.33 20.48 20.48 22.03 21 1 2 15 75 0 0 0 

22.03 22.23 22.23 23.33 19 3 5 20 70 -2 2 3 

23.33 23.53 23.53 25.08 20 2 1 20 75 -1 1 -1 

25.08 25.23 25.23 26.43 17 1 1 15 80 -4 0 -1 

26.43 26.58 26.58 28.13 18 1 1 15 75 -3 0 -1 

28.13 28.28 28.28 29.43 16 1 1 15 75 -5 0 -1 

   Total 370 26 29 Average Duration Average Value 

   V. Total 425 21 77 21 1 2 
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5. Supporting the models: from confidence intervals to HCM2010/FCTUC 

methodology 

 
In this chapter, the intended milestones are: 

• Discussing statistical hypotheses and their relevancy in building the models; 

• Sustaining the gathered data from chapter 4 by comparing it to the provided CML data; 

• Explaining the IC/ME methodology and its importance in supporting the models; 

• Calculating with HCM2010 and FCTUC traffic parameters and LOS, comparing results. 

5.1 Data gathering sustainability 

5.1.1 Introduction on statistical approaches 

One of the most important challenges in simulation and traffic evaluation is properly gauging the real 

case-study, to validate the multiple replications and iterations made in the simulator software. Moreover, it 

is apparent that vehicles should be interpreted as specific data, with typical behaviour patterns. So, it 

becomes irrelevant to proceed with any system analysis that has not been previously subjected to any kind 

of statistical evaluation. 

First, it is indispensable to understand traffic distribution, traffic flows and volumes as real variables that 

might follow certain tendencies, such as points of interests in the city, main routes to the city centre or 

certain events during the day. In this thesis’ context, the case study is a clear example of the second 

tendency, being one of the main traffic distributors before 2009, and presently integrating part of the main 

tunnel that channels traffic volumes during peak hour periods. However, and especially outside of peak 

hour periods, the number of vehicles in a certain time interval is random. If traffic conditions in the network 

are favourable, the minimum headways are shorter, the circulation speed is homogeneous and traffic flows 

are higher, meaning that there is a higher probability of encountering vehicles in each lane/entry. Logically, 

if traffic conditions are somehow constricted due to accidents in main network distribution ways or the 

infrastructure quality of the network is below average, the previous probability rate goes down, and it 

becomes easier to find cases of no vehicles present in entry lanes. Certainly, specific patterns are present 

inside predefined areas of the city, where the “zero vehicle scenario” is rare, but for a broader situation 

analysis, it should be noted that traffic data distributions are to be viewed as random variables. 

Second, besides categorizing traffic as a random variable, it is necessary to classify it as either discrete 

or continuous. As established before, the “zero vehicle scenario”, although rare, is possible and becomes 

the lowest value of the domain. For the maximum value, two different ideals can be recognized: 

 

• Gather enough information to accurately determine the maximum number of vehicles that are 

currently circulating the city of Lisbon (centre and outskirts), to provide a full domain and thus 

enabling the continuous variable status; 

• Ascertain that the population’s size is unknown, the top interval becomes plus infinity, and can 

be assume that the variable will be discrete. 

The need to choose between both options is relevant to determining the base distribution. The followed 

process of validating the gathered data is validating a sample as a continuous or discrete variable; 

comparing it with a continuous or discrete distribution to emulate the population; performing a goodness-

of-fit test to determine whether the comparison was successful; accepting the gathered data as part of a 

population with said distribution. For the following case, the population remains unknown, and traffic volume 

per entry becomes for now a discrete variable.  

The next challenge is to fit the sample in an adequate discrete distribution. Although debatable for peak 

hours, traffic must be an arrival function that should be somewhat proportional, and the most suited for 

identifying it is a Poisson distribution, since: 
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• It is possible to identify fixed analysis periods (i.e. lengths of 100 seconds), hence having 

several vehicles K in a specific fixed interval; 

• Each arrival is independent from the previous one, since the case-study area is solicited 

independently per user, and there are no automatic methods to divert traffic instantly in case 

of emergency or accident; 

• Each event has the same probability of happening, and has the same interval length (by 

bracketing time into equal intervals to analyse and compare each amount of vehicles Ki in each 

interval i) 

• Each interval (or cycle) is a singular event, and two cycles cannot happen simultaneously, since 

they are representing time in this scenario; 

• Increasing the value of fixed interval would increase the probability of including more vehicles 

in said interval proportionally, which means that the amount of vehicles Ki in an interval i has a 

high probability of being greater than K(i-1), if the previous interval (i-1) was shorter in value 

than the interval i. 

It is paramount to identify that the existence of traffic lights indicates non-conformity to a free-flow speed 

and constant arrival rate scenario. For generic traffic evaluation/measurement purposes, the arrival rates 

should not be controlled, and the upstream/downstream lanes are considered long enough to prevent a 

drop-in flow speed. The effect of these factors turns the abovementioned variables to continuous, since it 

is possible to present a theoretical limit (per time interval i) for the arrival rate per lane. As a demonstration 

of the previous statement, the following logic was developed: 

 

• All entries and exits lanes have geometrical parameters that will influence the capacity and 

saturation flow per lane. So, by accepting A1 as the capacity value for the largest lane will 

provide an upper bound, which is conservative. Therefore, it is possible to say that all lanes will 

have A1 as a maximum capacity value; 

• If all lanes are considered the same, geometrical aspects have no relevancy in determining 

arrival-rates in a restricted interval. Therefore, the focus is changed towards the interval time 

and, for the case-study, green time per cycle. As observed in the volume flow tables, the cycle 

time is expected to be 100 seconds, and the average value of green-to-cycle ratio (g/C) is lower 

than 50%14; 

• The average headway per lane was also computed in this procedure, to establish the average 

time measured between vehicles, providing an inferior bound of 2.0 sec/vehicle; 

To resort to the Poisson distribution, the variable K must be properly defined event, in this case the 

“number of vehicles crossing any given lane of the case-study intersection’s or roundabout’s approaches, 

during the green period of a cycle in a peak hour event”. This mitigates any kind of semantic ambiguity and 

ill categorization of K, instating that: 

                                                             
14 This information can be extracted from the compiled data charts, available in Annex A.  
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• Vehicles measured are crossing an imaginary line parallel to the stop-line present at the 

intersection; 

• Vehicles are to be grouped by lane, since this is vital to determine the headway between them. 

The headway factor does not work with simultaneous vehicles crossing the line; 

• The green period of a cycle (refers to the number of seconds of green present in a cycle) 

guarantees that the measured interval is the same per analysis and that the probability of 

occurrence is identical, unlike the whole cycle since it prevents vehicle crossing on red. 

As the sample’s distribution has been established, the next step is to compare it to the population, via 

a goodness-of-fit test. Defining a proper null hypothesis to either prove or disprove the general fit is 

adequate, and the proper methodology to do so is by means of a statistical hypothesis test. As mentioned 

before, the Poisson distribution serves as a proper fit for the case-study, so a Chi-squared test will perform 

adequately. Therefore, the method should: 

• Identify the null hypothesis as H0: there should be no significant differences between the 

observed (Obs.) values from the sample and the expected (E.) value from the Poisson 

distribution; so, considering that the sample is representative of a Poisson distribution is 

allowed (up until a certain interval of confidence); 

• Identify the alternative hypothesis as H1: there are significant differences between the observed 

value from the sample and the expected value from the Poisson distribution; so, it is not 

possible to extrapolate that the sample provided is representative of a Poisson distribution (for 

that interval of confidence). 

• Compile the Chi-Squared value (χ2) goodness-of-fit test (χ2 = [
(Obs−E.)2

E
]), with the appropriate 

levels of freedom (n-i-1=16) and extracting both the upper bound χ2 (α/2) and lower bound χ2 

(1-α/2) for the intervals, via a Chi-Squared table. If the calculated value from the goodness-of-

fit test is between said values, then the null hypothesis is valid for that interval of confidence. 

This method was carried out per entry and exit15, and if the value of the goodness-of-fit was adequate, 

the null hypothesis was accepted for a 99% confidence interval. However, two factors were observed in 

this analysis: 

• The same methodology did not prove useful for categorizing exit lanes; 

• If the mean value of the Poisson distribution (λ) is higher than 25, it is possible to view the 

distributions as normally distributed. This leads to a t-Student analysis further on.  

Therefore, the sample extracted is representative of either a Poisson distribution or a Normal 

distribution and can be used for the remainder of this work. However, it is also necessary to analyse the 

possible differences between the current traffic load and the one existing in 2009, before the impact in the 

roundabout and provided by the Lisbon’s Municipality (CML). 

                                                             
15 This information can be extracted from the Poisson distribution analysis available in Annex A. 
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5.1.2 Comparing data patterns with data provided by CML 

As stated previously, a sample from a traffic impact study developed by TRANSITEC made in 2012 

was provided by CML, prior to the adaptation to the double roundabout ring and opening of the last segment 

of the tunnel. In this sample, some traffic data from 2009 were provided, and will be cross-referenced to 

further verify if the recent sample extracted for this thesis’ case-study was accurate. Both tables were 

compared for an hour time window, during morning and afternoon peak hour16. Before proceeding to the 

individual analysis per timestamp, it is fundamental to reiterate some key aspects between the roundabout’s 

current scenario and the present one in 2009: 

 

• Both accesses Duque de Loulé (DL) and Braancamp (Br.) used to be connected directly to the 

central roundabout and are now diverged to the outer roundabout. Also, traffic lights were 

placed in the outer roundabout, delaying the circulation; 

• The last tunnel segment provides a direct connection between Fontes Pereira de Melo (FPM) 

and Joaquim António Aguiar (JAA), both highly solicited during the peak hours. Especially in 

JAA, it is expected a severe reduction of traffic volume with the finalization of the tunnel; 

• With the Low Emission Zone (ZER) enforced in Lisbon’s city centre since 2011, vehicles older 

than 2001 are restricted from entering Avenida da Liberdade (AvLib); 

• It is expected that a significant reduction of traffic volume migrated towards the tunnel after the 

roundabout closing and project duration. Upon its requalification, it is debatable whether drivers 

have migrated back towards the roundabout, especially during the convoluted initial trial period 

that generated several complaints about its adequacy. 

 

Table 5.3 - Comparison between the "new" gathered data and the “old” data from CML for morning peak 
hour period 

Entry/Exit FPM JAA Br. AvLIB DL Total 

FPM 50,00% 222,95% 64,62% 70,27% 8,00% 74,09% 

JAA 52,09% 138,89% 56,99% 85,38% 22,06% 48,28% 

Br. 32,39% - - 1165,22% 102,56% 141,60% 

AvLIB 82,11% 76,76% 256,41% 2177,78% 266,06% 107,79% 

DL 221,54% 18,25% 17,39% 32,00% - 71,46% 

Total 77,34% 92,77% 66,12% 105,77% 37,40% 75,11% 

 

For this comparison, three levels were used to gauge the absolute difference between them: from 70% 

to 130% a green tag was awarded to symbolize that both values did not change significantly; from 30% to 

170% a yellow tag due to possessing some changes yet being justifiable by the change in layout; under 

30% or over 170% a red tag to alert that a big impact has been detected and large changes have been 

identified in these patterns. Evaluating the differences between both data tables in morning peak hour 

period, there was an overall reduction of vehicles by nearly 25% in the newer scenario. The most significant 

outputs extrapolated from this comparison were: 

                                                             
16 See CML Data Comparison in the Annex B. 
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• From FPM towards AvLIB, the expected volumes varied accordingly, with an approximate 30% 

decrease. Towards Br and FPM, the decrease was slightly aggravated, being 36% and 50% 

respectively. Towards JAA and DL, a completely different scenario was verified, doubling 

demand towards JAA and almost nullifying it towards DL. Overall, a 26% reduction for entering 

traffic and 23% reduction for exiting traffic were confirmed. 

• From JAA towards AvLIB, a slight 15% decrease is noted. Towards JAA, FPM and Br, the 

variations are accentuated, with an almost 40% increase towards JAA and almost 50% 

reduction for FPM and Br. Towards DL, the major deviation is observed, with almost 80% of 

traffic disappearing towards it. Overall, a 52% reduction for entering traffic and 8% reduction 

for exiting traffic were confirmed. 

• From Br towards JAA and Br, according to the recorded data, no vehicles were detected and 

subsequently no variation was inputted. A slight variation of 3% was detected towards DL. 

Higher variation levels were noted for FPM and AvLIB, with a reduction of 68% and 12 times 

higher volumes for AvLIB. Overall, a 42% increase for entering traffic and 34% reduction for 

exiting traffic were confirmed. 

• From AvLIB towards FPM and JAA, small variations of 18% and 23% were detected, 

respectively. Towards the other destinations the verified scenario changed completely, with 

volume increases of 2.5 times towards Br and DL. The value presented for AvLIB will be 

explained as to why such a high variation was detected. Overall, an 8% increase for entering 

traffic and 6% increase for exiting traffic were confirmed. 

• From DL towards AvLIB, a 68% decrease was noted towards AvLIB, with all the remaining 

destinations suffering high variations. Towards JAA and Br, an 82% reduction was 

experienced, and a 2.2 times higher volume towards FPM. Overall, a 29% decrease for 

entering traffic and 63% decrease for exiting traffic were confirmed. 

Most of these changes can be explained with the creation of the outer roundabout and its subsequent 

requalification, since most exit volume changes happened in both BR and DL. Regarding entry volumes, 

BR and JAA suffered the highest variations, which can be explained by the lane reduction in BR and last 

tunnel segment for JAA. Most of DL and Br traffic volumes are increased towards the outer roundabout 

destinations, while suffering high reductions in the inner roundabout destinations. This can also be 

attributed to the new roundabout layout, since those two exits can only be accessed via the outer ring. Also, 

it helps to justify the lack of inbound volume from FPM and JAA. The surprising variation is the increased 

volume flow from FPM towards JAA, since the initial premise was that the tunnel would also accommodate 

part of this volume. Facing this outcome, it can be expected that most drivers from FPM choose to 

transverse the inner roundabout towards JAA. AvLIB volumes tend to stay unchanged throughout the 

morning peak hour, explained in part due to the lack of other accesses towards the central downtown area 

of Lisbon. The AvLIB increase can be justified due to a restructure measure in the network alongside the 

roundabout layout change, where the side roads switched to a corridor-like function, diverting traffic to the 

side buildings from and towards the roundabout. However, this traffic volume is inbound from AvLIB and is 

accounted as such in this evaluation.  

When comparing this information with the statistical variation presented in 5.1.1, the exit volume 

towards FPM, entry volume from Br and exit volume towards AvLIB were the evaluated approaches that 



57 
 

did not comply with the statistical check, meaning that these values may not be representative of the 

population. 

 

Table 5.4 – Comparison between the "new" gathered data and the “old” data from CML for afternoon 
peak hour period 

Entry/Exit FPM JAA Br. AvLIB DL Total 

FPM 188,73% 278,35% 41,07% 45,47% 32,38% 75,19% 

JAA 31,24% 57,78% 282,54% 138,55% 11,15% 56,63% 

Br. 31,67% - - 296,97% 128,57% 77,59% 

AvLIB 65,59% 168,75% 936,84% 1360,00% 55,74% 92,62% 

DL 253,78% 3,45% 11,11% 14,29% - 61,74% 

Total 64,84% 132,40% 85,43% 99,15% 31,03% 74,84% 

 

The same process was done for the afternoon peak hour period, with the overall reduction in traffic 

volume also being in the 25% level. However, the variation values were more scattered, with some of these 

values contributing to the main ideas gathered from morning peak hour period: 

 

• From FPM, several destinations suffered a reduction of volume, namely towards Br. AvLIB and 

DL, with 59%, 54% and 68% decreases respectively. The major impacts are towards JAA, with 

an increase of 2.8 times more traffic volume. However, the overall entry volume variation 

remained contained in the 25% reduction, impacting more severely in the exiting traffic volume 

with a 35% reduction. 

• From JAA, the lesser impacted destinations were FPM and AvLIB, yet with significant variation 

values. Towards FPM, a 69% reduction was displayed, contrasting with the 38% increase 

towards AvLIB. The variations are accentuated towards Br and DL, almost tripling the traffic 

volume headed towards Br and eradicating it towards DL. Overall, a 44% reduction for entering 

traffic and 32% increase for exiting traffic were confirmed. 

• From Br towards DL, a slight variation of 28% is detected. However, a significant variation 

towards Br and AvLIB are verified, with a 69% reduction towards FPM and almost tripling the 

traffic volume towards AvLIB. Overall, a 22% reduction for entering traffic and 15% reduction 

for exiting traffic were confirmed. 

• From AvLIB towards FPM, JAA and DL, expected variations are observed as occurred in the 

morning peak hour period, registering 34% and 44% decreases for FPM and DL respectively, 

and 68% increases for JAA. For Br and AvLIB, the variation was higher, with a 9 times increase 

for Br. Overall, an 8% decrease for entering traffic and 1% decrease for exiting traffic were 

confirmed. 

• From DL, every destination suffered drastic changes: traffic volumes dwindled in JAA, Br and 

DL, with 94%, 89% and 85% variations confirmed. Towards FPM, an increase of 150% was 

verified. Overall, a 39% decrease for entering traffic and 69% decrease for exiting traffic were 

confirmed. 
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These variations are consistent with the previously mentioned factors for the morning peak hour period. 

The outer roundabout requalification helped stagnating traffic towards DL, as this effect is visible both during 

the morning and afternoon periods. Br is not as subject to outbound traffic changes as during the morning 

peak hour, which can be justified by the existence of several residential blocks in that area. The FPM and 

JAA traffic volume effect is present during the afternoon peak hour, which helps validate the tunnel segment 

as noteworthy for the case study model (or in traffic flow consideration). Regarding FPM, it is possible to 

establish that there’s a preference in approaching the inner roundabout when heading towards JAA. 

Similarly, to the morning peak hour, AvLIB is the most unaffected traffic volume out of the five, which helps 

to indirectly validate that the observed data is not so skewed as initially predicted. 

When comparing this information with the statistical variation presented in 5.1.1, the exit volume 

towards JAA, entry volume from AvLIB and exit volume to FPM expectedly subjected to higher variations 

than during their morning counterpart. For the outer roundabout, the exit volume towards JAA failed the 

statistical check, meaning they might not be representative. 

As a conclusion, the overall reduction in traffic volume can be accounted for by the new entry values in 

FPM and JAA, and this can be explained by the opening of the last tunnel segment, that provides a more 

direct route between these two approaches. Moreover, there has been a significant decrease in volume 

from JAA entry heading to FPM, but an increase in volume from FPM to JAA. This is coherent, since JAA 

receives much more traffic than generates during peak hours, and FPM is both a main connector from the 

city centre to the city’s main distribution lanes (Saldanha, Entrecampos and Campo Grande, compiling what 

is known as Eixo Central) and a distributor itself to neighbour and suburb areas, providing various 

alternatives to the A5 highway. Also, Br and DL have also become secondary roads, instead of their old 

role of main distributors to near-central areas. This comes as no surprise, since they lack capacity, lane 

number and proper geometry to adequately spread the traffic volumes they used to, despite their optimal 

location. 

Because of this analysis, it is apparent that several changes have happened to circulating and incoming 

traffic after the layout change in the roundabout. But to further explore the adequacy of roundabout layout 

and obtain any conclusion on which model fit best, the two sets of data must be compared once more to 

determine if: 

 

• The sample extracted is not relevant for comparison due to manual count mistakes or low 

light scenarios in AutoCounters, and for the rest of the thesis the “old” data will model both 

roundabout scenarios; 

• Traffic accommodated more to the final tunnel layout, especially from JAA towards both 

FPM and Praça de Espanha;  

• The new roundabout layout is seen as a quicker method to transverse towards main 

avenues while avoiding possible delays and traffic jams, fulfilling its purpose; 

• The reduction in volume flow is a direct impact in a lower capacity solution, not capable to 

withstand higher volume loads and currently in saturation. 

 

5.2 Validating the database. The GEH statistic 

Another viable way to evaluate two if two different samples can represent the same reality in traffic is 

by resorting to the GEH statistic. Invented by Geoffrey E. Havers, it is widely used as an empirical formula 

that compares two sets of volumes in traffic modelling or evaluation. The GEH statistic follows a very similar 

formula as the Chi-Squared test, since both the measured or observed hourly traffic volume (M) is taken 

into account directly with the previously received sample for comparison (C): 
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𝐺𝐸𝐻 = √
2(𝑀 − 𝐶)2

(𝑀 + 𝐶)
 

 

The resulting value from the GEH statistic can inform whether or not a solid match exists between the 

both volumes. If the value is under 5.0, then there is a good relation between both values. If the value is 

between 5.0 and 10.0, it can still be accepted with proper justification, and should be revised or recalibrated. 

Any value over 10.0 accepts the possibility that there is no significant correlation between both data, and 

either recounts should be made, or the model should be adjusted accordingly. However, and as previously 

mentioned, there were several design changes in the roundabout in between both data scenarios, meaning 

that they are still useful in determining whether the conclusions drawn earlier can be validated. In Tables 3 

and 4 both GEH methodologies for morning peak hour period and afternoon peak hour period are present 

and highlighted in red are all the values that exceed a GEH score of 10. 

 

Table 5.5 - GEH evaluation for morning peak hour period 

GEH       

Entry/Exit FPM JAA Br. AvLIB DL Total 

FPM 6,11 15,11 10,89 9,19 23,42 13,32 

JAA 12,60 2,13 6,62 3,73 33,31 29,83 

Br. 9,90 9,49 1,41 20,31 0,16 5,98 

AvLIB 5,41 6,32 7,32 42,35 12,81 5,72 

DL 10,93 16,88 11,21 4,19 2,00 6,90 

Total 10,05 2,58 12,32 2,18 30,35 22,51 

 

Table 5.6 - GEH evaluation for afternoon peak hour period 

GEH       

Entry/Exit FPM JAA Br. AvLIB DL Total 

FPM 6,22 18,06 16,01 16,81 12,04 10,97 

JAA 23,23 3,19 10,48 8,13 34,23 22,95 

Br. 12,52 1,46 - 8,58 1,73 4,44 

AvLIB 15,19 12,10 16,73 33,67 11,08 3,80 

DL 12,61 22,86 11,93 6,00 1,41 9,78 

Total 20,39 9,49 3,98 0,31 33,72 23,04 

 

As expected from the previous evaluation, there is a considerable difference between both data sets, 

as pointed out by the 23,04 score on the global volume. However, the main impacts can be explained by 

the recalibration of the outer roundabout, impacting Br and DL, as well as the tunnel segment being finished, 

impacting FPM and JAA. One aspect worth noting is that, notwithstanding the period, the same entries and 

exits were varying in the GEH analysis while the remaining ones remained within normal ranges. This 

substantiates the fact that the new O/D matrix composed of gathered data can be representative of a normal 

day in the roundabout, as well as discarding the irrelevancy of the database. Overall, it is established that 

the sample extracted does not currently match the one present in 2009, yet most of the volume changes 

are plausibly justified with the physical changes implemented in the roundabout. In conclusion, the database 
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provided is considered viable for simulation, and will represent a solid representation of the actual 

scenario.17  

 

5.3 The IC/ME methodology 

After successfully validating that the data extracted can be assumed as sample from either a Normal 

or Poisson distribution, it is relevant to define it as normally distributed by following the principle of the 

Central Limit Theorem that states that the mean of large quantities of independent random variables with 

properly defined expected values and variances, will be normally distributed. In fact, most of the case 

study’s approaches collected are considered unfit to be normally distributed, mostly due to the analysis 

period’s length. Nevertheless, for the sake of congruence in the overall scenario, all approaches from the 

sample should be addressed as normally distributed, and a subsequent amendment to this thesis should 

be made, by adding an analysis period length of one hour or 90 minutes. 

Besides the validation of the initial premise and comparing the data extraction tables from previous 

years, the assumption of a normally distributed sample is, in many ways, an advantage to further classifying 

it. For example, it becomes possible to establish a confidence interval to categorize to which extent these 

volumes are true or gauging entries and exits between themselves in a margin of error analysis. 

The margin of error analysis helps to identify the likelihood of the result from the sample collected being 

like the value that one would expect from the population. However, a similar analysis was previously 

instated where the results pointed towards a general fit in a distribution. Therefore, the margin of error 

becomes more interesting if considered for an origin/destination evaluation. To do this, the following 

adjustments must be made: 

 

• First, all origins and destinations should be inputted. In the case study scenario, origins are 

FPM, JAA, Br., AVLIB1, AvLib. and DL (O1 to O6), and the destinations are FPM, JAA, Br., 

AVLIB2, AvLib. and DL (D1 to D6). 

• As a normally distributed sample is considered, trips from Oi are considered, heading towards 

Di. Therefore, a percent matrix should be present with all the probabilities for each trip. 

• The overall comparison model should follow a pmax*Rn-1 function, and pmax should be considered 

the highest probability of an O/D trip happening. 

 As a result, an expected probability curve will be created, where the expected percentages of O/D 

destinations are each bracket of the probability. Therefore, it becomes possible to compare both expected 

and observed percentages, correlating them on one hand and evaluating the observed percentages once 

more. This last feature is required to differentiate an exclusive entry/exit table comparison and a more 

extensive look at O/D pairings. 

 To successfully perform the IC/ME method, the following steps are required: 

 

1. After all origin/destination percentage values have been calculated and properly organized, 

listing them from largest to smallest. The n value associated with each percentage should be 

equal to all the possible combinations of entries/exits (36 possibilities). Hence, the top 

percentage value should come associated with n=1, and so forth; 

2. Associated with the pmax*Rn-1 function, calculating a second p’ value with the same n values. It 

is important to define an initial estimate for both pmax and R; 

                                                             
17 As a side note, it can also be expected to obtain better results for the morning peak hour period, due to less 
variation of data during this time. 
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3. Resorting to Goal seek in Excel, determining pmax and R that fit to the observed distribution. In 

this thesis, three different scenarios were considered, and the Chi-Squared Distribution value 

was used to compare them (meaning that the lowest value would inevitably be the best fit); 

4. Choosing the proper interval of confidence (in this scenario, both 95% and 99% were tested) 

for the methodology. This states that, for a specific confidence value, there will be an 

accumulated probability of X1 that the O/D pairs have a relative error of 50%. In both morning 

and afternoon scenarios, X1 has been established as 15%, so the sum of relative error must 

be lower to be considered. There is an associated factor to the confidence interval, the number 

of trials n’, which represent the amount of surveys that should be performed to guarantee said 

interval; 

5. Performing the ME/p process, where: 

a. ME/p is given by Zα/2*√
𝑝′(1−𝑝′)

𝑛′
, where Zα/2 is the characteristic value for a t-Student 

distribution with α=(1-IC), p’ being the calculated probabilities in step 2 and n’ is the 

number of trials  

b. n’ can be calculated by dissociating the same equation into 
𝑍2(𝛼/2)

(𝑀𝐸/𝑝)2* 
𝑝′(1−𝑝′)

𝑛′
 

6. Combining to these two functions, it then becomes possible to determine ME/p values that are 

over 50% under a 95% or 99% confidence interval, extract the accumulated probability of non-

compliance with the ME/p evaluation, verifying that it is below 15% and evaluating the number 

of surveys needed. In this specific case, there will be no surveys, but instead the same amount 

of simulation runs. 

The process was conducted for both morning and afternoon peak hours, with the resulting tables 

available in Annex B. For the morning period, pmax value was set at 0.15, with an R score of 0.8504, c2 

score of 0.06, confidence interval of 95%, 14,07% accumulated percentage of not complying with a 50% 

margin of error limit and an n’ value of 700 simulation trials. For the afternoon period, pmax value was set at 

0.17, with an R score of 0.8303, c2 score of 0.03, confidence interval of 95%, 12,83% accumulated 

percentage of not complying with a 50% margin of error limit and an n’ value of 566 simulation trials. As 

such, the number of simulations predicted for the case study to achieve a comparable scenario was set at 

700 for the morning peak hour scenario and 566 for the afternoon peak hour scenario. All the relevant 

graphs and tables are presented in Annex B. 

 

5.4 The HCM2010 and FCTUC methods for evaluating roundabouts 

Moving past database evaluation, the fundamental task in this chapter is to determine how the 

comparison between the old and new scenarios for the roundabouts will be done. To do this, it is necessary 

to single out the main differing aspects in both scenarios: number of entry and exit lanes, geometry changes 

that inevitably changed accessibility and traffic flow between the old and new layout. The new roundabout 

model will be interpreted as a double ring roundabout. However, no traditional method of roundabout 

evaluation can measure this directly, so some simplifications and approximations should be taken into 

consideration: three lane signalized roundabouts will be evaluated with the same methodology of two lane 

roundabouts, with some adaptations to capacity calculation or volume flow; entering traffic flows will be 

adjusted according to the saturated flow imposed by traffic lights in each entry; the outer roundabout will 

be evaluated as a sequence of signalized intersections instead of a classic two lane signalized roundabout. 

For the old roundabout model, a four lane roundabout will be assumed, with the following simplifications: 
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five lane signalized roundabouts will be evaluated with the same methodology of two lane roundabouts, 

with some adaptations to capacity calculation or volume flow; the lack of information about signal time 

programming at the time will be compensated by establishing the same one used for the new intersection; 

and entering traffic flows will be adjusted according to the saturated flow imposed by traffic lights in each 

entry. 

Both scenarios contain their own O/D matrix that will be loaded onto the Aimsun simulator in chapter 

6. As stated in chapter 3, the main goal of this analysis is to provide gaugeable traffic indicators that can 

be compared in each different case: for HCM2010, these will be the control delay (d) as well as the LOS 

and 95th percentile queue, both for the inner and outer roundabout; for FCTUC, the volume to capacity ratio 

(X). Three different cases can be proposed: 

 

1. LOS methodology following both HCM2010 and FCTUC for the old roundabout layout, 

using the 2009 database provided by CML; 

2. LOS methodology following both HCM2010 and FCTUC for the old roundabout layout with 

the gathered information from 2014, to detect its adequacy to lower volume loads; 

3. LOS methodology following both HCM2010 and FCTUC for the new roundabout layout, 

using the gathered information from 2014, to properly compare it to the old roundabout 

layout in the 2nd case. 

With this sequence, it will be possible to prove not only if the layout change was satisfactory in adjusting 

traffic flows but also that a comparison between both roundabout layouts can be established, despite the 

traffic volume presented in each one. 

 

5.4.1 1st case: old roundabout layout with 2009 database 

In the old roundabout layout, a five-entry point roundabout with five lanes is considered for the 

simulation. Besides evaluating the roundabout, the entry and exit volume/capacity ratio and queue 

accumulation factor will also be taken into consideration. However, for the analytical model, some 

simplifications must be taken into consideration: 

 

• Roundabout capacity is subject to the number of lanes present, with the total estimation 

provided by HCM2010 being two lanes. In order to estimate the capacity for a four-lane 

roundabout, an adaptation has to be done. 

• There is no information regarding vehicle split between lanes and no driver behaviour 

information stated in the reports by CML. However, the innermost lane of the roundabout 

was seldom used due to the increased difficulty in exit movements. This will be applied 

accordingly in volume split per lane. 

• In this evaluation, the data received is directly connected to the existing traffic signal 

program, which was not provided by CML nor can be estimated in any way. However, by 

analysing the location of the previous traffic lights and overall functioning method of the 

roundabout, an adaptation based on the current traffic signal program extracted from 2014 

can be made. 

Also, according to the amount of traffic lights presented in the roundabout, it becomes complicated to 

determine whether the analytical model to choose should be roundabout-based or signal intersection-

based. On one hand, by choosing the roundabout-based model the number of conflicting vehicles is 

fictional, since most will never cause any conflicts due to signal programming. On the other hand, by 
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choosing the signal intersection-based model, capacity will be heavily restricted by the various conditions, 

not present for the roundabout-based estimation. As such, a compromise is necessary, as an adjustment 

will be made for capacity calculation in the signal intersection-based model. For the comparison model 

between FCTUC and HCM2010, however, a fully roundabout-based model will be assumed, regardless of 

traffic signal programming. 

The first step from the methodology in HCM2010 is to calculate the flow rates per entry lane and adjust 

it according to the heavy vehicle percentage present. In Annex B, a list of each successful conversion up 

until the flow rates is presented, and in table 5 and 6 the flow rates for morning peak hour and afternoon 

peak hour periods are presented. 

 

Table 5.7 - CML data for morning peak hour period 

Entry/Exit FPM JAA Br. AvLIB DL Total 

FPM 112,00 282,00 794,00 861,00 359,00 2408,00 

JAA 544,00 36,00 201,00 616,00 1140,00 2537,00 

Br. 158,00 48,00 1,00 23,00 48,00 278,00 

AvLIB 861,00 673,00 39,00 9,00 113,00 1695,00 

DL 140,00 268,00 108,00 25,00 2,00 543,00 

Total 1815,00 1307,00 1143,00 1534,00 1662,00 7461,00 

 

Table 5.8 - CML data for afternoon peak hour 

Entry/Exit FPM JAA Br. AvLIB DL Total 

FPM 73,00 209,00 535,00 770,00 210,00 1797,00 

JAA 769,00 51,00 74,00 515,00 857,00 2266,00 

Br. 232,00 56,00 0,00 33,00 54,00 375,00 

AvLIB 1637,00 445,00 19,00 10,00 488,00 2599,00 

DL 125,00 304,00 102,00 28,00 1,00 560,00 

Total 2836,00 1065,00 730,00 1356,00 1610,00 7597,00 

 

The next step is to identify circulating conflicting flow rate per approach. As described in HCM2010, as 

the conflicting flow increases, the capacity of an approach decreases. This means that the theoretical value 

per lane in the signal intersection-based approach would assume that the conflicting volume is zero, since 

no vehicles ever conflict the entries/exits.18 Instead, a comparison between the possible capacity values 

per lane is carried out: 

 

• Following HCM2010 roundabout capacity calculation and considering the disregard of 

conflicting volume, an average of 1130 vehicles/hour per lane should be considered, 

resulting in a total capacity of 4520 vehicles per hour (veh/h). This volume is considered 

exaggerated for a roundabout approach, so as a simplification the two considered lanes 

for capacity in HCM2010 will be used. Therefore, it is possible to conserve this value as 

per two lanes, having a total of 2260 veh/h.  

                                                             
18 Except in case of accumulated vehicles stockpiled behind a traffic light 
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• Taking the example of FPM towards the inner roundabout during the morning period, the 

conflicting volume is 1209 veh/h, which would make the right lane capacity of 485 veh/h 

and the left lane capacity of 456 veh/h. Total capacity would then be 1882 veh/h. 

• Following the HCM2010 signalized intersection approach to calculate capacity, the 

necessary equation would be 𝑐 = 𝑁𝑠
𝑔

𝐶
, with c being the capacity, N the number of lanes, s 

the adjusted saturation flow rate and g/C the green to cycle ratio. With the same example 

as above, FPM would have four lanes, an s value of 1631 veh/h/lane, a g/C value of 0.33 

and a capacity of 2152 veh/h.  

The initially intended approach based on the conflicting volume proved to produce the lowest value for 

capacity, while disregarding it completely proved to produce the highest value, even after conservatively 

reducing the number of vehicles. However, regardless of the method used, the aggregated values for 

volume/capacity showed that, during the morning peak hour, the entries from FPM and JAA and the exits 

towards DL were always saturated, with the exits towards AvLIB and Br very close to saturation levels. 

Total tables according to each of the three methods are presented in Annex B. 

 

Table 5.9 - Volume/capacity ratio calculation for FPM during morning peak hour 

Entry Roundabout-based (with conflicting volume) method 

FPM   vi ci/lane x  X (av.) 

  R-most Lane 282 
485 

0,58 

1,28 
  R-mid Lane 794 1,64 

  L-mid Lane 861 
456 

1,89 

  L-most Lane 471 1,03 

  Roundabout-based (free flow) method 

    vi ci x   

    2408 2260 1,07   

  Signal intersection method 

  vi s gi/C ci x 

  2408 1631 0,33 2152 1,12 

 

Also, as expected, the signal intersection method proved to be an intermediary value between the 

roundabout approaches. As stated, the roundabout-based method assuming no conflicting volume flow 

takes provides a threshold of the maximum value possible for the roundabout’s capacity. By replacing it 

with the value provided by the signal intersection method, the overall methodology will assume a minor 

value for capacity, further restricting the volume/capacity ratio calculation (x). Should this verification be 

checked for these values, then it is understood that it should comply with higher capacity volumes, further 

increasing the x value and consequently the LOS evaluation. For FPM and JAA, according to each method, 

the control delay and LOS was calculated, with the results displayed in tables 8 and 9. The total tables are 

available in Annex B. 
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Table 5.10 - Control delay, LOS and queue calculation for FPM during morning peak hour (case 1) 

FPM Entry MPH vi ci x d LOS xA dA LOS Q 

Conflicting 
Volume 

R-most Lane 282 
485 

0,58 32,91 C 

1,28 540,67 F 257 
R-mid Lane 794 1,64 1191,16 F 

L-mid Lane 861 
456 

1,89 1638,05 F 

L-most Lane 471 1,03 152,79 F 

Free Flow Entry 2408 2260 1,07 163,16 F       52 

Signal Int. Entry 2408 2152 1,12 254,82 F       95 

 

Table 5.11 - Control delay, LOS and queue calculation for JAA during morning peak hour (case 1) 

JAA Entry MPH vi ci x d LOS xA dA LOS Q 

Conflicting 
Volume 

R-most Lane 201 
224 

0,90 88,37 F 

2,99 3622,69 F 1685 
R-mid Lane 616 2,75 3192,01 F 

L-mid Lane 1140 
200 

5,70 8515,58 F 

L-most Lane 580 2,90 3474,10 F 

Free Flow Entry 2537 2260 1,12 263,69 F       102 

Signal Int. Entry 2537 1857 1,37 698,45 F       331 

 

The results for FPM are not surprising: although each method produces a LOS of F, the delay per 

vehicle and queued vehicles parameters are much larger in the roundabout-based method with conflicting 

volume. As such, the roundabout’s true values are expected to be between the roundabout-based free flow 

method and the signal intersection method. Besides FPM, the only critical entry according to all 

methodologies was JAA. By comparing this outcome with the GEH result helps to support the theory that 

the old roundabout was not optimized for the existing volume flow in 2009, as well as predicting the impact 

in traffic volumes with the new roundabout layout. Excluding the first methodology, all other entries 

performed as expected, with a LOS C for all three and average delay time between 30 and 32 seconds. 

Effectively, accounting for a pre-saturation level (LOS F) that locked down all traffic in the roundabout due 

to a constricted entry, the previous reports by CML help validate these conclusions. For the afternoon 

period, an outlier appears for AvLIB entry, as the value for control delay calculated by signal intersection is 

lower than the one calculated via roundabout-based, excluding conflicting volume. This prevents the x value 

from reaching 1.0, consequently avoiding a LOS F. Apart from this; each method follows the same pattern 

as during the morning peak hour, with the most loaded entries being JAA and AvLIB, consistent with the 

afternoon peak hour outbound movement. 

 

Table 5.12 – Control delay, LOS and queue calculation for JAA during afternoon peak hour (case 1) 

JAA Entry APH vi ci x d LOS xA dA LOS Q 

Conflicting 
Volume 

R-most Lane 74 
332 

0,22 29,19 C 

1,78 1440,77 F 920 
R-mid Lane 515 1,55 1039,76 F 

L-mid Lane 857 
305 

2,81 3309,62 F 

L-most Lane 820 2,69 3091,20 F 

Free Flow Entry 2266 2260 1,00 76,38 F       3 

Signal Int. Entry 2266 1786 1,27 523,70 F       209 

 

The advantage of calculating the conflicting volume and capacity according to the roundabout-based 

method is the direct comparison with the FCTUC methodology, as it is also based in entering and conflicting 

volume. This allows for a sensibility evaluation between a delay-based evaluation from HCM2010 and a 
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geometry-based evaluation from FCTUC. A representation of geometric values for FPM and subsequent X 

value is presented in table 12. 

 

Table 5.13 – Control delay, LOS and queue calculation for AvLIB during afternoon peak hour (case 1) 

AvLIB Entry APH vi ci x d LOS xA dA LOS Q 

Conflicting 
Volume 

R-most Lane 488 
225 

2,17 2140,32 F 

3,05 3718,85 F 2959 
R-mid Lane 1637 7,26 11310,56 F 

L-mid Lane 445 
201 

2,22 2232,11 F 

L-most Lane 29 0,14 18,83 B 

Free Flow Entry 2599 2260 1,15 321,04 F       134 

Signal Int. Entry 2599 2894 0,90 53,55 D       17 

 

Table 5.14 – Volume/capacity ratio value for FPM during morning peak hour, according to FCTUC (case 
1) 

FPM         

v e S X2 M fc K Qc X 

15,10 18,53 0,11 17,89 1339,43 1,91 1,06 1209,00 0,61 

l' r ICD Ø td F Qe vi  

48,20 45,00 132,00 40,00 1,00 6002,83 3926,80 2408  
 

In each entry for both morning and afternoon peak hour, the FCTUC-based evaluation proved to be 

more permissive by generating higher capacity values for the same conflicting volume. This can be justified 

by factoring in geometric parameters; for example, in FPM, the calculated capacity value is 1.74 times 

higher than what was established for the free-flow scenario and 2.09 times higher than what was 

established for the conflicting volume roundabout scenario. The volume to capacity ratio varies accordingly, 

with reductions of 46% when compared to the free-flow scenario and 67% when compared to the conflicting 

volume roundabout scenario. However, it is relevant to highlight that FCTUC is also prone to errors when 

using it for a roundabout with more than 3 entry lanes, since its methodology is also related for a maximum 

of 2 lanes per entry. The same evaluation is carried out per entry, as shown in table 13. 

 

Table 5.15 - Entry evaluation according to the FCTUC (case 1) 

 Morning Peak Hour Afternoon Peak Hour 

 Qc Qe vi X Qc Qe vi X 

FPM 1209,00 3926,80 2408,00 0,61 1016,00 4318,30 1797,00 0,42 

JAA 2310,00 1256,89 2537,00 2,02 1748,00 2361,90 2266,00 0,96 

Br 3704,00 93,40 278,00 2,98 3284,00 617,83 375,00 0,61 

AvLIB 2448,00 1174,77 1695,00 1,44 2303,00 1314,57 2599,00 1,98 

DL 2481,00 1048,71 543,00 0,52 3292,00 608,84 560,00 0,92 

 

The results show that, regardless of HCM2010 or FCTUC and for a conflicting volume roundabout-

based scenario, the overall LOS for the roundabout is F, with Br being the most overloaded entry. This 

differs slightly from the other approaches, where the roundabout LOS is still F, yet the most overloaded 

entries are FPM and JAA. Furthermore, following the methodology for FCTUC, FPM is not even accounted 

for as one of the main loaded entries, instead being displayed with only 61% of volume/capacity ratio.  
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5.4.2 2nd Case: old roundabout layout with 2014 database 

The 2nd case will follow a similar approach as the first one, only exchanging the volume table for the 

one gathered in 2014. This helps to establish a new vision for the old roundabout, as well as preparing it to 

a direct comparison with the newer layout. In Annex B, the control delay and LOS for the new volume tables 

are presented as well as the queue accumulation value. For comparison, FPM and JAA is displayed in 

tables 14 and 15. 

 

Table 5.16 - Control delay, LOS and queue calculation for FPM during morning peak hour (case 2) 

FPM Entry MPH vi ci x d LOS xA dA LOS Q 

Conflicting 
Volume 

R-most Lane 588 
564 

1,04 157,41 F 

0,82 34,56 D 40 
R-mid Lane 516 0,91 60,87 F 

L-mid Lane 612 
537 

1,14 309,83 F 

L-most Lane 96 0,18 24,58 C 

Free Flow Entry 1812 2260 0,80 33,71 D       19 

Signal Int. Entry 1812 2053 0,88 38,07 E       12 

 

Table 5.17 - Control delay, LOS and queue calculation for JAA during morning peak hour (case 2) 

JAA Entry MPH vi ci x d LOS xA dA LOS Q 

Conflicting 
Volume 

R-most Lane 128 
378 

0,34 31,07 D 

0,86 38,73 E 68 
R-mid Lane 538 1,42 812,89 F 

L-mid Lane 248 
350 

0,71 44,61 E 

L-most Lane 338 0,97 104,81 F 

Free Flow Entry 1252 2260 0,55 31,67 D       22 

Signal Int. Entry 1252 1787 0,70 34,29 D       17 

 

As expected, the 25% decrease in volume brings the overall roundabout to functioning levels, effectively 

reducing the previously overloaded entries to LOS D for FPM and E for JAA. For the rest of the entries, the 

volume/capacity ratio was also severely reduced, enabling the roundabout to escape LOS F. For the 

afternoon peak hour, a similar 25% decrease in volume was considered and similar results expected: both 

JAA and AvLIB, previously in LOS F, were able to reach LOS of D and E, respectively. This can be observed 

in table 16 and 17, respectively. However, following the free-flow roundabout-based method, the values 

produced for AvLIB are not as effective as the ones produced by conflicting volume, eventually leading to 

an exclusive LOS F. This phenomenon can be explained due to the approximate value of 1130 veh/h only 

being valid for one-lane or two-lane roundabouts, therefore not being a perfect fit for this evaluation.  

 

Table 5.18 - Control delay, LOS and queue calculation for JAA during afternoon peak hour (case 2) 

JAA Entry APH vi ci x d LOS xA dA LOS Q 

Conflicting 
Volume 

R-most Lane 186 
505 

0,37 30,98 D 

0,66 30,57 D 108 
R-mid Lane 742 1,47 894,36 F 

L-mid Lane 98 
476 

0,21 28,48 F 

L-most Lane 278 0,58 36,25 E 

Free Flow Entry 1304 2260 0,58 32,00 D       22 

Signal Int. Entry 1304 1787 0,73 34,85 D       17 
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Table 5.19 - Control delay, LOS and queue calculation for AvLIB during afternoon peak hour (case 2) 

AvLIB Entry APH vi ci x d LOS xA dA LOS Q 

Conflicting 
Volume 

R-most Lane 278 
655 

0,42 21,89 C 

0,95 45,03 E 188 
R-mid Lane 1086 1,66 1217,61 F 

L-mid Lane 742 
630 

1,18 364,88 F 

L-most Lane 344 0,55 24,64 C 

Free Flow Entry 2450 2260 1,08 213,44 F       70 

Signal Int. Entry 2450 2822 0,87 46,78 E       20 

 

For the FCTUC method in this case, a drastic decrease in volume/capacity ratio also occurred as 

expected, nullifying all LOS F for previously saturated entries, while every other aspect in this method 

remained the same. The main conclusion for this case is that, for the 2014 data, the previous roundabout 

model was far from saturated and the variations in capacity, volume/capacity ratio and queue accumulation 

are exponential. Yet, this does not provide an accurate comparison between both scenarios, instead 

showing that the old roundabout layout would have performed adequately with the existing traffic flow. With 

this case’s outputs, it is possible to directly compare the old and new layout and effectively verify which fit 

is best. Methodology comparisons between FCTUC and HCM2010 will be discussed in chapter 7. 

 

Table 5.20 - Volume/capacity ratio value for FPM during morning peak hour, according to FCTUC (case 
2) 

FPM         

v e S X2 M fc K Qc X 

15,10 18,53 0,11 17,89 1339,43 1,91 1,06 992,00 0,41 

l' r ICD Ø td F Qe vi  

48,20 45,00 132,00 50,00 1,00 6002,83 4366,99 1812  
 

Table 5.21 - Entry evaluation according to the FCTUC (case 2) 

 Morning Peak Hour Afternoon Peak Hour 

 Qc Qe vi X Qc Qe vi X 

FPM 992,00 4366,99 1812,00 0,41 1182,00 3981,57 1348,00 0,34 

JAA 1564,00 2045,03 1252,00 0,61 1152,00 3297,74 1304,00 0,40 

Br. 2040,00 1323,02 400,00 0,30 1834,00 1115,31 290,00 0,26 

AvLIB 800,00 3306,36 1888,00 0,57 778,00 3121,67 2450,00 0,78 

DL 2052,00 1389,74 543,00 0,39 2722,00 849,19 352,00 0,41 

 

5.4.3 3rd Case: new roundabout layout with 2014 database 

For the double roundabout, the analytical model should be adjusted to two signalized intersections, one 

carrying the vehicle through the outer roundabout in a sequence of signalized intersections with 

incrementing travel time (properly adjusted with control delay) and other for the through movements of the 

roundabout, calculated according to a signalized intersection. The FCTUC method should not be applied 

here, since an independent roundabout scenario is not considered plausible. One of the major benefits of 

determining the double roundabout based on a signalized intersection methodology is the possibility of 

comparison with the same methodology used in case 2, without any adaptations being carried out. For the 

inner roundabout, the only entries accounted for were FPM, JAA and AvLIB. Table 20 presents the 

corresponding volume flows, volume/capacity ratios, control delay values and queue accumulation. 
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Table 5.22 – Signalized intersection approach for the inner roundabout, for both morning and afternoon 
periods (case 3) 

Signal Intersection Approach (Morning Peak Hour) 

Entry vi s gi/C ci x d1 d2 d LOS Q1 Q2 Q 

FPM 902 1615 0,33 1599 0,56 27,58 1,45 29,03 D 16 0 16 

JAA 874 1643 0,28 1380 0,63 31,51 2,25 33,76 D 14 0 14 

AvLIB 1264 1571 0,43 1351 0,94 27,17 16,83 44,00 E 6 0 6 

Signal Intersection Approach (Afternoon Peak Hour) 

Entry vi s gi/C ci x d1 d2 d LOS Q1 Q2 Q 

FPM 570 1616 0,33 1600 0,36 50,00 0,62 50,62 D 12 0 12 

JAA 884 1572 0,28 1320 0,67 50,00 2,75 52,75 D 13 0 13 

AvLIB 1696 1644 0,43 1414 1,20 50,00 367,05 417,05 F 32 86 118 

 

For the morning peak period, the inner roundabout has an average LOS D, with possible vehicle 

accumulation in FPM and JAA. This is validated by the footage gathered on-site, where most vehicles 

seemed to queue. From the perspective of time spent crossing the intersection, however, the most solicited 

entry was AvLIB, with the worst LOS from the three and the only one close to critical values. For the 

afternoon peak period, the LOS evaluation is F due to accumulated vehicles incoming from AvLIB. This is 

like what was verified in the old layout, for the afternoon peak hour. 

 

Table 5.23 – Signalized intersection approach for the outer roundabout, morning period (case 3) 

Entry vi s gi/C ci x d1 d2 d LOS Q 

FPM 910 1611 0,31 999 0,91 33,17 16,68 49,85 D 5 

JAA 376 1659 0,17 564 0,67 38,85 6,32 45,17 D 5 

Br. 400 1541 0,32 493 0,81 31,23 15,02 46,25 D 4 

AvLib1 352 1710 1,00 1710 0,21 0,00 0,27 0,27 A 3 

AvLIB 272 1675 0,22 737 0,37 33,11 1,43 34,53 C 6 

DL 392 1509 0,24 725 0,54 33,19 2,92 36,11 D 7 

 

For the outer roundabout, each entry was submitted to the same signalized intersection approach, yet 

the total delay time should be considered as the aggregate between the consecutive delays from entry to 

exit point. This value can be obtained by determining the average delay time per exit and successfully 

adding the necessary exit delays per movement to the entry delay value.19 In tables 22 and 23, the overall 

O/D matrix featuring the average total time lost and minimum number of queued vehicles in the roundabout 

is displayed. for the morning peak hour. The remaining tables can be found on Annex B.  

According to table 21, none of the entries for the outer roundabout are facing capacity during morning 

peak hour, and during the afternoon peak hour, the only saturated entry is FPM. However, total lost time 

indicates that crossing the roundabout would take 35 seconds for the shortest exit (AvLIB to AvLib2) and 

an average of 156 seconds accounting all movements. That would categorize the roundabout as LOS F, 

regardless of the entry being evaluated. However, it can be subjected to debate that this roundabout should 

not follow traditional methods. For chapter 6, micro-simulation will be applied for obtaining a more dynamic 

result and successfully compare both roundabout models. 

                                                             
19 For example, for determining the average total time from FPM to Br, it is necessary to account for the delay when 

entering FPM, delay when crossing JAA (equal to exiting in JAA as it is the same traffic light) and delay when leaving 
for Br. 
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Table 5.24 – Average total time lost during morning period (case 3) 

Average Total Time Lost (excluding travel time) 

  FPM JAA Br. AvLIB AvLib2 DL 

FPM 242,43 82,26 87,71 154,87 154,89 172,11 

JAA 272,48 304,89 50,62 117,78 184,94 202,16 

Br. 200,97 233,38 238,83 113,41 113,43 130,65 

AvLib1 155,00 187,40 192,85 67,43 67,45 84,68 

AvLIB 122,10 154,50 159,96 227,12 34,55 51,78 

DL 106,43 138,83 144,29 211,45 211,46 228,69 

 

Table 5.25 – Minimum number of queued vehicles during the morning period (case 3) 

Minimum number of queued vehicles 

  FPM JAA Br. AvLIB AvLib2 DL 

FPM 45 13 27 30 30 42 

JAA 37 45 20 22 23 35 

Br. 22 30 44 7 7 19 

AvLib1 20 28 43 5 6 18 

AvLIB 21 29 43 45 6 18 

DL 9 17 32 34 34 47 
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6. Building the models and scenario comparison 
 

In this chapter, the intended milestones are: 

• Organising the methodology for an Aimsum model; 

• Establishing the main two models of roundabouts, and comparing them; 

• Understanding the variability of each individual parameter in a single scenario; 

6.1 Model building in Aimsun 

To properly conclude the comparison between roundabouts and emulate the different possible driving 

scenarios, the last step on this thesis is building a micro-simulation model for both roundabout layouts, 

complete with the traffic signal plan and traffic database. The goal will be to achieve similar levels to the 

theoretical approach to validate it, while simultaneously comparing each scenario. As mentioned in chapter 

3, the micro-simulation tool used was Aimsun and, to successfully create a simulation scenario, several 

steps need to be followed: 

• Creating the layout for the intended area, with capacity levels in each road segment; 

• Connecting the layout using links and specify movements; 

• Placing detectors to measure vehicle output after the simulation; 

• Building a traffic signal plan according to the information gathered on site; 

• Building a traffic state or matrix state to load the scenario; 

• Creating a master control plan with the necessary information; 

• Loading a dynamic experiment, with the number of adequate replications, according to the 

IC/ME methodology; 

• Extracting the information to an Excel sheet. 

 
Figure 6.10 - Old roundabout layout (A) and new roundabout layout (B) 

After tracing both roundabout models in the software, it is paramount to change each corresponding 

capacity; to ensure that the model considers lower thresholds and does not provides false results. The 
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considered values were according to the free flow capacity, since each road segment will then receive a 

traffic light plan. Therefore, for the old scenario: 

• Each inner roundabout circulation road movement was adjusted accordingly, with 2260 

veh/h for three or more lanes and 1130 veh/h for two lanes. AvLIB entry was also 

considered with 2260 veh/h and exit was 1130 veh/h, due to being directly connected to 

the roundabout without any lateral bypass lanes. for two lanes; 

• JAA exit and entry roads were considered to have 3600 veh/h due to 4 lanes each; Both 

FPM entry and exit were considered to have two separate roads of 1800 veh/h each, where 

the innermost lane (left) received more traffic volume than the outer one. DL was 

considered with an 1800 veh/h capacity, for both entry and exit; Br entry was considered 

800 veh/h, with an entry of 1800 veh/h; 

• For the outer roundabout in the old scenario, the basic road configuration from Aimsun was 

used, since no traffic volume will be loaded. 

To complement the models, a traffic signal plan according to the relevant information from the field 

testing and data gathering was also programmed inside Aimsun to balance entries in the old roundabout. 

Initially, the loaded traffic plan followed the timestamps from CML and an initial trial was carried out before 

the several iterations needed to ensure that the roundabout model functions accordingly. Yet, during this 

initial approach and using the green time and g/C ratio from chapter 5, the model output was the following 

within the first 5 minutes: 

 
Figure 6.11 - First iteration for old roundabout scenario, with signal time plan 

The output created from the model did not replicate the predicted LOS from the methodology in chapter 

5, even factoring in the conflicting volume, instead producing a LOS F before the 15 minute-mark after the 

simulation started.  This caused a revision of the traffic plan and the field tested proved to be a better fit, 

being the one used for the remainder of the simulation models. 

According to the IC/ME, a minimum of 700 simulations were needed to have a valid sample for each 

model during morning peak hour and 566 simulations for the afternoon peak hour. Since the layouts and 

signal plans are equal between both morning and afternoon periods and the adjusted volume flow is the 

same, 700 simulations were run per layout instead of evaluating both the morning and afternoon cycles. A 

series of results are presented when a successful simulation replica or replication is made, such as entry 
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volume, density, total distance traveled, average queue, lost movements, delay time and vehicles waiting. 

These will serve as the main comparison tools between each model and testing parameter variability. 

For the old layout, two different load situations were devised: when the initial traffic plan proved 

unsuccessful in producing the expected results, a change in traffic plan was made and corresponding 

simulations were carried out; and, to compare the situation back to the free-flow evaluation, a no-traffic light 

planning scenario was also simulated to verify its LOS. For the new layout, the traffic planning according to 

CML was taken into consideration. In table 1, a comparison between each of the results is shown. 

 

Table 6.26 - Simulation results for the old layout (with signal plan and in free flow) and new layout 

  Old Scenario (signal plan) Old Scenario (free flow) New Scenario 

Entry vehicles 3506 5345 5077 

Density 51 21 38 

Total distance traveled 1163 1755 1820 

Average queue 220 69 146 

Lost movements 481 65 136 

Delay time per km 704 210 344 

Waiting time in queue 201 19 118 

No. of waiting vehicles 1929 93 667 

 

As expected, the free-flow scenario functions perfectly in the simulation and outperforms every other 

scenario. However, it is neither road safe nor even a viable comparison, as the intended method would 

always include traffic lights. Regarding the other two scenarios, the new layout outperforms the old one in 

every aspect, providing more vehicles entering and exiting the roundabout, fewer vehicles waiting to enter 

both the inner and outer roundabouts and roughly a fourth of lost movements. If purely evaluated by delay 

time, all three scenarios would show a LOS F, which serves little compared to the outputs generated by the 

simulation scenario. 

 

6.2 Checking the parameter variability 

As explained in chapter 3, both scenarios will be subjected to several parameter changes, in order to 

see how this will influence the output and LOS. Different parameters have been chosen to be representative 

of the changes in roundabout modeling, which resulted in seven different scenarios: acceleration variation; 

car following speed acceptance-based model; sensibility factor variation; vehicle gap variation; and margin 

for overtaking. Some of these parameters must be changed in the class menu for car in each simulated 

scenario, while others appear under each replication in the behavior tab.  

Regarding each parameter variation: 

 

7. For the two-lane car following behavior, a simple trigger was activated, and vehicle speed was 

kept between 50km/h and 70km/h; 

8. For the acceleration parameter, acceleration was increased to 5 km/h2 

9. Sensibility factor was increased, as average and maximum values became 1,5 and 2,0 

respectively; 

10. Vehicle gap was shortened from 1,5 m to 1,0 m; 

11. For the two-lane overtaking model, a trigger was also activated, leaving a 40% zone variability, 

10 second interval between overtake and 4 m/s queue speed; 

12. Overtake margin was increased up to 7,5 seconds. 
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Table 6.27 - Parameter variation for Aimsun, for the old layout 

 Base values 2-lane CF Acc Sens. factor Veh gap 2-lane OT OT margin 

Entry vehicles 3506 4100 3487 3207 3822 3408 3507 

Density 51 43 51 53 50 52 51 

Distance traveled 1163 1347 1158 1064 1282 1125 1164 

Average queue 220 184 220 235 215 225 220 

Lost movements 481 169 517 518 443 490 487 

Delay time 704 661 693 788 694 717 707 

Waiting time 201 259 180 248 205 198 196 

No. waiting vehicles 1929 1326 1945 2227 1608 2023 1917 

 

Table 6.28 - Parameter variation for Aimsun, for the new layout 

  Base values 2-lane CF Acc Sens. factor Veh gap 2-lane OT OT margin 

Entry vehicles 5077 5076 5132 4841 5106 5095 5079 

Density 38 38 37 42 38 38 37 

Distance traveled 1820 1820 1845 1718 1831 1819 1821 

Average queue 146 146 139 165 146 144 143 

Lost movements 136 136 144 140 130 138 133 

Delay time 344 345 326 401 343 341 340 

Waiting time 118 118 110 149 112 109 122 

No. waiting vehicles 667 671 611 897 624 652 666 

 

By evaluating table 2, the most impactful parameter was both the addition of the two-lane car following 

behavior and the decrease in vehicle gap. This is logical, since it is essentially fitting more vehicles in 

narrower spots, occupying less of the roundabout area per cycle. The sensibility factor worked as a 

mitigation effect while driving on the roundabout, performing similarly to human driving behavior to attenuate 

several maneuvers. The other parameters impacted very little on the roundabout model, since an increase 

in acceleration and reduction in overtaking margin are universally counterintuitive to a roundabout crossing. 

For table 3 however, the impact is much subtler: the highest variation is explained by the acceleration, 

opposite of was verified in the old scenario. With the displayed information, it can be said that the new 

layout has a similar behavior to a signalized intersection and the old one is more oriented towards the 

classic roundabout behavior. 
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7. Conclusions, challenges and improvements 

 
In this chapter, the intended milestones are: 

• Revisiting main conclusions for data gathering; 

• Evaluating the main predictions versus the outcomes of simulation; 

• Responding to the main questions established throughout the thesis; 

• Dimensioning the main challenges in this thesis, and improvements. 

 

7.1 Variability conclusions for all non-literary chapters 

Throughout this thesis, many aspects revolved around variability. From data variability spanning over 

at least 5 years, from the initial data supplied by CML to the gathered data on-site; to method variability, for 

each roundabout model, each simplification and each different case study that helped to close the gap 

between theory and reality; and finally, to parameter variability, to fine tune an already realistic model. It is 

safe to assume that 100% real scenario will always be impossible to achieve yet, through modeling, an 

exceptional approach can be made. 

During data gathering, the analyst perception of the case study becomes a powerful tool. Often in this 

scenario, a significant difference in volume and behavior were felt, especially during the morning peak hour 

period. Although a layout explanation could be behind the overall explanation for this method, the 

comparison of data to a reliable source proved that, during the layout transition, a tremendous number of 

vehicles vanished from the roundabout. Also, as predicted previously, it became possible to establish the 

possibility of the traffic migration towards the new tunnel in between data collection. Therefore, the 

adaptation and theoretical approach behind the model comparison had to be adjusted accordingly, to 

predict the LOS evaluation with the same volume flow. Finally, this comparison served to establish the 

importance of the GEH and IC/ME methodology as well as the need for a viable database. 

In addition, the LOS methodology was the most frequent assessment tool throughout this thesis, both 

for the HCM2010 and FCTUC methods. The addition of case 1 and 2 in chapter 5 became extremely 

important to somehow compare both outputs provided by both approaches. Both account for the conflicting 

volume flow, which proved challenging in this case study, yet the lack of geometric parameters in HCM2010 

renders it inflexible and impractical at times: more often than not, although the LOS was already set at F, 

the produced queues were reduced or non-existent. On the other hand, in this specific scenario, the FCTUC 

felt ill-used due to the amount of adaptations needed to fit it accordingly, so perhaps a more in-depth 

comparison for different roundabouts should be made. Also, entry width and effective width proved to be 

the most sensitive factors, since a slight variation would often cause major impacts on capacity. In the end, 

the most difficult aspect to rationalize in an analytical model is driving behavior, whereas a driver may 

dispose of several lanes to merge (following the Portuguese legislation would require drivers to position 

themselves accordingly to their exit) and chose to transverse the roundabout exclusively on the outer-right 

hand lane. 

Thanks to micro-simulation, a better understanding of how traffic will evolve throughout a set period is 

possible, disregarding the photographical approach of both analytical methods. Also, several minor 

adjustments can be made to achieve a more concise model, especially when a real database was already 

established. 

 

7.2 Main conclusions for this work 

Overall, the inclusion of car-following patterns in roundabouts has been widely discussed, so including 

that behavior in the traffic simulation proved to be the best parameter change. By shortening the gap while 

maintaining the overtake margin, the most enhanced model was successfully built.  

One of the main issues tackled early on was the adaptability of the roundabout model, which ended up 

either being complemented or completely replaced by a signalized intersection approach. This thesis 

proves that classical analytical models cannot be used to their full extent when dealing with singular designs 
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such as the one provided in the case study. It also served the purpose of demonstrating a traffic simulator’s 

viability  

Finally, out of the two tested models, the most adequate for both entry/exit volumes proved to be the 

new layout. With less saturated entries and exits during the same periods and often resulting in shorter 

queues, it could eventually be debated if the actual traffic light program would even be suited for the old 

layout. However, in terms of raw capacity for a unsignalized intersection, the old layout would have proven 

to be much more capable of handling heavier traffic flows, albeit being a hazardous solution to implement. 

 

7.3 Main challenges, risks and improvements suggested 

Some of the simplifications and risks that followed with this work were not only necessary to progress 

but, in some occasions, made several relevant tasks much easier. A prime example of that is the used 

database: two single periods on one day were used to provide a real data comparison to a previous study. 

One of the weaker points of this work is the restriction to one day of footage and very limited field data. 

From a computer processing perspective, a 95% interval was considered in the IC/CE method to limit the 

amount of simulation to 700. Should the same 99% interval that was used per entry/exit group be used, the 

necessary simulations would have risen to 1940. 

Several new topics can further be evaluated, such as suggesting a different control method for CML, 

instead of relying on an outdated system with fixed time and local increments. From a conception point of 

view, an adaptation to a turbo-roundabout would be extremely interesting, finishing the traffic mitigation 

process for the inner roundabout. One aspect that was verified was the hesitance of drivers towards the 

innermost lane. Several impact studies towards pavement tearing in this aspect could yield interesting 

results in, for example, durability, associated costs and imposing fewer circulation lanes. Another important 

aspect of this work would be the incorporation of mortality rates and pedestrian/cyclist related accidents, 

for a full evaluation of the roundabout’s performance. 
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A. Chapter 4 annex: volume flow tables, AutoCounters code and statistical
verification.

In this chapter, the intended milestones are:

· Supporting chapter 4 with the remaining data for volume flow;

· Providing the Matlab code specific to AutoCounters.

In this chapter, a representation of the inner roundabout is shown. In order to prevent over-
extending the limit of pages for this dissertation, only a sample for the morning peak hour period and
inner roundabout were provided. However, a full list for each entry is available per request.

AutoCounters code

%vid1=VideoReader('IMG_3275.mov')

%vid2=VideoReader('VID_20141111_101349.mp4')

vidout=VideoWriter('TopView1')

open(vidout)

for k = 1 : 6000  %fill in the appropriate number

  im1 = read(vid1, k);

  im2 = read(vid2, k);

  im0 = imread('Imagem0.png');

   %maskmarq1 = roipoly(im1), pause;

  gray1 = rgb2gray(im1);

  ROItest = gray1;

  ROItest(maskmarq1 == 1) = 0;

  %imshow(ROItest);

  %cpselect(ROItest,im0), pause;

  t1 = cp2tform(pnts,base_pnts,'projective');

  imout1 = imtransform(ROItest,t1,'XData',[1,1000],'YData',[1,1000]);

  %imshow(imout1);

  %maskmarq2 = roipoly(im2), pause;

  grey2 = rgb2gray(im2);

  ROItest2 = grey2;

  ROItest2(maskmarq2 == 1) = 0;

  %imshow(ROItest2);

    %cpselect(ROItest2,im0), pause;

  t2 = cp2tform(pnts2,base_pnts2,'projective');



  imout2 = imtransform(ROItest2,t2,'XData',[1,1000],'YData',[1,1000]);

  %imshow(imout2);

   %stitch1 = roipoly(imout1);

  stitch_pronto1 = imout1;

  stitch_pronto1(stitch1 == 1) = 0;

  %imshow(stitch_pronto1);

  %stitch2 = roipoly(imout2);

  stitch_pronto2 = imout2;

  stitch_pronto2(stitch2 == 1) = 0;

  %imshow(stitch_pronto2);

  %subplot(1,2,1),imshow(stitch_pronto1);

  %subplot(1,2,2),imshow(stitch_pronto2);

  total_1 = imfuse(stitch_pronto1,stitch_pronto2,'blend','Scaling','joint');

  %imshow(total_1);

  %pause;

  writeVideo(vidout,total_1);

  disp(k)

end

close(vidout)

Up until this point, the video is opened and read, and each frame is changed from colour to black
and white (rgb to gray). With this, instead of three different colour matrixes, the output will be a single
1000x1000 matrix, turning matrix operations much simpler. After, a polygon is chosen by the user and
matched towards the base layer. The imfuse command will then overlap the selected points onto the base
layert, effectively turning the perspective image in a top-down view.

vid=VideoReader('TopView1.avi');

videoFrame=[];

vid2=VideoWriter('NoBackground');

open(vid2);



for k=1:200;

        disp(k),

        scene=read(vid,k*30);

        scene=rgb2gray(scene);

 videoFrame = cat(3,videoFrame,scene);

end

background=median(double(videoFrame),3);

imshow(background);

imagesc(background);colormap(gray);

clear videoFrame;

for i=1:6000;

    disp(i),

    scene=double(rgb2gray(read(vid,i)));

    mask=(imabsdiff(scene,background)); %treshold needs to be coherent...

    figure(1);imagesc(mask);figure(2);imagesc(scene);%pause;

    solid1 = scene;

    solid1 (mask == 1) = 0;

    signal=(scene-solid1);

    writeVideo(vid2,uint8(signal));

end

   close(vid2)

The second part of the code helps to ensure that only the front layout remains, removing all of the
static points in the video. Therefore, the existent moving points will be vehicles, meaning that their
aggregation, counting and O/D identification will be much simpler. An automatic counter was devised in
order to turn the counting process completely automatic, but it was later discarded due to bug issues.

Each entry and exit was also subjected to the Chi-squared variation presented in chapter 5. An
overall evaluation is presented, but details per each entry and exit are also available per request.



Inner roundabout data – Morning Peak Hour

Table 1 - Entry volume flow from Fontes Pereira de Melo

1 Inner Roundabout (Entry FPM)
Timestamp is Relative to Video ( 09.13) Duration (sec) Standard Deviation

Green Period Red Period Vehicles Trucks Motorbikes Green Red No. Of Vehicles No. Of Trucks No. Of Motorbikes
00.43 01.03 01.03 02.23 19 1 1 20 80 -2 0 -1
02.23 02.43 02.43 04.03 20 1 0 20 80 -1 0 -2
04.03 04.33 04.33 05.38 29 1 1 30 65 8 0 -1
05.38 05.58 05.58 07.18 18 2 0 20 80 -3 1 -2
07.18 07.38 07.38 08.58 31 2 2 25 75 10 1 0
08.58 09.33 09.33 10.38 28 1 3 35 65 7 0 1
10.38 10.53 10.53 12.23 13 3 1 25 90 -8 2 -1
12.23 12.43 12.43 14.03 21 1 1 20 80 0 0 -1
14.03 14.13 14.13 15.38 21 0 1 20 85 0 -1 -1
15.38 15.58 15.58 17.18 18 1 2 20 80 -3 0 0
17.18 17.38 17.38 18.58 21 2 2 20 80 0 1 0
18.58 19.13 19.13 20.33 20 2 4 15 80 -1 1 2
20.33 20.48 20.48 22.03 21 1 2 15 75 0 0 0
22.03 22.23 22.23 23.33 19 3 5 20 70 -2 2 3
23.33 23.53 23.53 25.08 20 2 1 20 75 -1 1 -1
25.08 25.23 25.23 26.43 17 1 1 15 80 -4 0 -1
26.43 26.58 26.58 28.13 18 1 1 15 75 -3 0 -1
28.13 28.28 28.28 29.43 16 1 1 15 75 -5 0 -1

Total 370 26 29 Average Duration Average Value
V. Total 425 21 77 21 1 2



Table 2 - Exit volume flow to Fontes Pereira de Melo

6 Inner Roundabout (Exit to FPM)
Timestamp is Relative to Video ( 09.13) Duration (sec) Standard Deviation

Green Period Red Period Vehicles Trucks Motorbikes Green Red No. Of Vehicles No. Of Trucks No. Of Motorbikes
00.08 00.58 00.58 01.53 23 3 1 50 55 0 1 -1
01.53 02.43 02.43 03.33 24 1 1 50 50 1 -1 -1
03.33 04.33 04.33 05.08 24 1 1 60 35 1 -1 -1
05.08 05.58 05.58 06.38 21 1 1 50 40 -2 -1 -1
06.38 07.48 07.48 08.33 29 2 1 70 45 6 0 -1
08.33 09.28 09.28 10.08 28 1 1 55 40 5 -1 -1
10.08 10.58 10.58 11.53 19 2 2 50 55 -4 0 0
11.53 12.38 12.38 13.33 23 4 3 45 55 0 2 1
13.33 14.18 14.18 15.13 28 2 0 45 55 5 0 -2
15.13 15.58 15.58 16.48 25 5 2 45 50 2 3 0
16.48 17.38 17.38 18.33 23 2 1 50 55 0 0 -1
18.33 19.18 19.18 20.03 22 0 1 45 45 -1 -2 -1
20.03 20.53 20.53 21.33 27 2 3 50 40 4 0 1
21.33 22.18 22.18 23.08 20 3 1 45 50 -3 1 -1
23.08 23.53 23.53 24.33 21 0 4 45 40 -2 -2 2
24.33 25.28 25.28 26.08 17 4 1 55 40 -6 2 -1
26.08 26.58 26.58 27.48 28 2 2 50 50 5 0 0
27.48 28.33 28.33 29.13 19 2 2 45 40 -4 0 0

Total 421 37 28 Average Duration Average Value
V. Total 486 50 47 23 2 2



Table 3 - Entry volume flow from Joaquim António Aguiar

3 Inner Roundabout (Entry JAA)
Timestamp is Relative to Video ( 09.13) Duration (sec) Standard Deviation

Green Period Red Period Vehicles Trucks Motorbikes Green Red No. Of Vehicles No. Of Trucks No. Of Motorbikes
00.18 00.48 00.48 01.58 21 0 2 30 70 0 -1 1
01.58 02.28 02.28 03.33 24 1 3 30 65 3 0 2
03.33 04.03 04.03 05.08 12 1 0 30 65 -9 0 -1
05.08 05.38 05.38 06.53 27 1 1 30 75 6 0 0
06.53 07.23 07.23 08.38 24 2 0 30 75 3 1 -1
08.38 08.58 08.58 10.13 8 1 1 20 75 -13 0 0
10.13 10.48 10.48 11.58 32 2 2 35 70 11 1 1
11.58 12.28 12.28 13.33 24 0 0 30 65 3 -1 -1
13.33 14.03 14.03 15.13 19 2 2 30 70 -2 1 1
15.13 15.43 15.43 16.53 22 1 1 30 70 1 0 0
16.53 17.23 17.23 18.33 17 1 2 30 70 -4 0 1
18.33 18.58 18.58 20.08 13 1 3 25 70 -8 0 2
20.08 20.38 20.38 21.38 23 1 0 30 60 2 0 -1
21.38 22.03 22.03 23.08 17 1 4 25 65 -4 0 3
23.08 23.33 23.33 24.38 17 0 1 25 65 -4 -1 0
24.38 25.08 25.08 26.13 28 2 1 30 65 7 1 0
26.13 26.33 26.33 27.48 16 1 1 20 75 -5 0 0
27.48 28.23 28.23 29.18 33 0 0 35 55 12 -1 -1

Total 377 18 24 Average Duration Average Value
V. Total 419 29 68 21 1 1



Table 4 - Exit volume flow to Joaquim António Aguiar

2 Inner Roundabout (Exit JAA)
Timestamp is Relative to Video ( 09.13) Duration (sec) Standard Deviation

Green Period Red Period Vehicles Trucks Motorbikes Green Red No. Of Vehicles No. Of Trucks No. Of Motorbikes
00.03 00.43 00.43 01.43 26 1 0 40 60 7 0 -1
01.43 02.23 02.23 03.23 14 1 1 40 60 -5 0 0
03.23 04.03 04.03 04.58 13 1 1 40 55 -6 0 0
04.58 05.38 05.38 06.33 17 3 2 40 55 -2 2 1
06.33 07.23 07.23 08.18 26 1 1 50 55 7 0 0
08.18 08.58 08.58 09.48 12 0 0 40 50 -7 -1 -1
09.48 10.48 10.48 11.33 25 3 0 60 45 6 2 -1
11.33 12.28 12.28 13.13 27 2 2 55 45 8 1 1
13.13 14.08 14.08 14.53 26 1 1 55 45 7 0 0
14.53 15.43 15.43 16.38 19 2 0 50 55 0 1 -1
16.38 17.13 17.13 18.13 21 1 1 35 60 2 0 0
18.13 18.48 18.48 19.48 11 1 1 35 60 -8 0 0
19.48 20.38 20.38 21.23 18 1 2 50 45 -1 0 1
21.23 22.03 22.03 22.53 16 2 0 40 50 -3 1 -1
22.53 23.33 23.33 24.28 16 1 0 40 55 -3 0 -1
24.28 25.08 25.08 26.03 24 1 1 40 55 5 0 0
26.03 26.33 26.33 27.28 21 2 0 30 55 2 1 -1
27.28 28.18 28.18 29.03 15 1 0 50 45 -4 0 -1

Total 347 25 13 Average Duration Average Value
V. Total 385 44 53 19 1 1



Table 5 - Entry volume flow from Avenida da Liberdade

5 Inner Roundabout (Entry AvLIB)
Timestamp is Relative to Video ( 09.13) Duration (sec) Standard Deviation

Green Period Red Period Vehicles Trucks Motorbikes Green Red No. Of Vehicles No. Of Trucks No. Of Motorbikes
00.13 00.38 00.38 01.48 21 2 0 25 70 -7 -1 -1
01.48 02.38 02.38 03.38 26 2 3 50 60 -2 -1 2
03.38 04.13 04.13 04.58 23 2 0 35 45 -5 -1 -1
04.58 05.58 05.58 06.43 39 3 1 60 45 11 0 0
06.43 07.33 07.33 08.33 27 1 1 50 60 -1 -2 0
08.33 09.23 09.23 10.03 30 3 1 50 40 2 0 0
10.03 10.48 10.48 11.48 30 3 2 45 60 2 0 1
11.48 12.28 12.28 13.28 29 3 2 40 60 1 0 1
13.28 14.08 14.08 15.08 31 4 1 40 60 3 1 0
15.08 15.48 15.48 16.38 35 6 1 40 50 7 3 0
16.38 17.28 17.28 18.33 24 2 2 50 55 -4 -1 1
18.33 19.08 19.08 19.58 24 1 1 35 50 -4 -2 0
19.58 20.48 20.48 21.28 32 3 3 50 40 4 0 2
21.28 22.03 22.03 23.08 22 3 1 35 55 -6 0 0
23.08 23.43 23.43 24.33 29 2 2 35 50 1 -1 1
24.33 25.23 25.23 26.08 32 5 0 50 45 4 2 -1
26.08 26.48 26.48 27.38 25 3 1 40 50 -3 0 0
27.38 28.23 28.23 28.58 26 3 3 45 35 -2 0 2

Total 505 51 25 Average Duration Average Value
V. Total 581 43 52 28 3 1



Table 6 - Exit volume flow to Avenida da Liberdade

4 Inner Roundabout (Exit AvLIB)
Timestamp is Relative to Video ( 09.13) Duration (sec) Standard Deviation

Green Period Red Period Vehicles Trucks Motorbikes Green Red No. Of Vehicles No. Of Trucks No. Of Motorbikes
00.08 00.53 00.53 01.48 24 3 1 45 55 -3 1 -1
01.48 02.38 02.38 03.38 25 1 2 50 60 -2 -1 0
03.38 04.13 04.13 04.58 23 2 0 35 45 -4 0 -2
04.58 05.58 05.58 06.43 26 1 1 60 45 -1 -1 -1
06.43 07.33 07.33 08.33 27 2 1 50 60 0 0 -1
08.33 09.28 09.28 10.03 30 2 3 55 35 3 0 1
10.03 10.48 10.48 11.43 38 0 1 45 55 11 -2 -1
11.43 12.28 12.28 13.28 35 3 0 50 60 8 1 -2
13.28 14.08 14.08 15.08 26 3 2 40 60 -1 1 0
15.08 15.48 15.48 16.38 32 2 3 40 50 5 0 1
16.38 17.28 17.28 18.33 26 2 5 50 65 -1 0 3
18.33 19.08 19.08 19.58 21 1 7 35 50 -6 -1 5
19.58 20.48 20.48 21.28 25 2 1 50 40 -2 0 -1
21.28 22.03 22.03 23.08 25 1 5 35 65 -2 -1 3
23.08 23.48 23.48 24.33 31 3 1 40 45 4 1 -1
24.33 25.13 25.13 26.08 24 2 3 40 55 -3 0 1
26.08 26.48 26.48 27.43 24 2 1 40 55 -3 0 -1
27.43 28.23 28.23 29.03 22 1 0 40 40 -5 -1 -2

Total 484 33 37 Average Duration Average Value
V. Total 554 44 52 27 2 2



B. Chapter 5 annex: database-related files necessary for the HCM2010/FCTUC
comparison.

In this chapter, the intended milestones are:

· Supporting the IC/ME methodology with relevant distributions and information;

· Detailing aggregated information for HCM2010 and FCTUC methodologies.

Figure 1 - Probability Distribution for the IC/ME methodology (Morning Peak Hour)

Figure 2 - Probability Distribution for the IC/ME methodology (Afternoon Peak Hour)
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Table 7 - SLIC evaluation for Morning Peak Hour Period

1st Trial
pmax 0,17000 Z(α/2) 1,96 Z(α/2) 1,96 Z(α/2) 1,96 Z(α/2) 1,96

R 0,830299 n' 740 n' 566 n' 410 n' 265
n p p Cum. ε SLIC/p New Column SLIC/p New Column SLIC/p New Column SLIC/p New Column
1 0,1834 0,1700 0,1700 0,0011 0,1592 0,0000 0,1820 0,0000 0,2139 0,0000 0,2660 0,0000
2 0,1379 0,1412 0,3112 0,0001 0,1777 0,0000 0,2032 0,0000 0,2388 0,0000 0,2970 0,0000
3 0,1298 0,1172 0,4283 0,0014 0,1977 0,0000 0,2261 0,0000 0,2657 0,0000 0,3305 0,0000
4 0,1163 0,0973 0,5257 0,0037 0,2194 0,0000 0,2509 0,0000 0,2948 0,0000 0,3667 0,0000
5 0,0602 0,0808 0,6065 0,0053 0,2430 0,0000 0,2779 0,0000 0,3265 0,0000 0,4061 0,0000
6 0,0551 0,0671 0,6735 0,0022 0,2687 0,0000 0,3072 0,0000 0,3610 0,0000 0,4490 0,0000
7 0,0445 0,0557 0,7292 0,0023 0,2967 0,0000 0,3392 0,0000 0,3986 0,0000 0,4957 0,0000
8 0,0390 0,0462 0,7755 0,0011 0,3272 0,0000 0,3741 0,0000 0,4396 0,0000 0,5468 0,0462
9 0,0339 0,0384 0,8139 0,0005 0,3606 0,0000 0,4123 0,0000 0,4844 0,0000 0,6025 0,0384

10 0,0325 0,0319 0,8458 0,0000 0,3970 0,0000 0,4540 0,0000 0,5334 0,0319 0,6635 0,0319
11 0,0325 0,0265 0,8722 0,0014 0,4369 0,0000 0,4996 0,0000 0,5870 0,0265 0,7301 0,0265
12 0,0179 0,0220 0,8942 0,0008 0,4806 0,0000 0,5496 0,0220 0,6457 0,0220 0,8031 0,0220
13 0,0168 0,0182 0,9125 0,0001 0,5285 0,0182 0,6043 0,0182 0,7100 0,0182 0,8831 0,0182
14 0,0157 0,0152 0,9276 0,0000 0,5809 0,0152 0,6642 0,0152 0,7804 0,0152 0,9707 0,0152
15 0,0139 0,0126 0,9402 0,0001 0,6383 0,0126 0,7298 0,0126 0,8575 0,0126 1,0666 0,0126
16 0,0128 0,0104 0,9506 0,0005 0,7013 0,0104 0,8018 0,0104 0,9421 0,0104 1,1718 0,0104
17 0,0124 0,0087 0,9593 0,0016 0,7703 0,0087 0,8808 0,0087 1,0348 0,0087 1,2872 0,0087
18 0,0120 0,0072 0,9665 0,0032 0,8460 0,0072 0,9673 0,0072 1,1365 0,0072 1,4137 0,0072
19 0,0098 0,0060 0,9725 0,0025 0,9290 0,0060 1,0622 0,0060 1,2480 0,0060 1,5524 0,0060
20 0,0077 0,0050 0,9775 0,0015 1,0200 0,0050 1,1663 0,0050 1,3704 0,0050 1,7045 0,0050
21 0,0033 0,0041 0,9816 0,0002 1,1199 0,0041 1,2805 0,0041 1,5045 0,0041 1,8714 0,0041
22 0,0033 0,0034 0,9850 0,0000 1,2294 0,0034 1,4058 0,0034 1,6517 0,0034 2,0545 0,0034
23 0,0022 0,0028 0,9879 0,0002 1,3496 0,0028 1,5432 0,0028 1,8132 0,0028 2,2553 0,0028
24 0,0018 0,0024 0,9902 0,0001 1,4815 0,0024 1,6940 0,0024 1,9904 0,0024 2,4757 0,0024



25 0,0018 0,0020 0,9922 0,0000 1,6262 0,0020 1,8594 0,0020 2,1847 0,0020 2,7175 0,0020
26 0,0011 0,0016 0,9938 0,0002 1,7850 0,0016 2,0410 0,0016 2,3980 0,0016 2,9828 0,0016
27 0,0011 0,0014 0,9952 0,0000 1,9592 0,0014 2,2402 0,0014 2,6321 0,0014 3,2739 0,0014
28 0,0007 0,0011 0,9963 0,0001 2,1503 0,0011 2,4588 0,0011 2,8889 0,0011 3,5934 0,0011
29 0,0007 0,0009 0,9972 0,0000 2,3601 0,0009 2,6986 0,0009 3,1707 0,0009 3,9439 0,0009
30 0,0000 0,0008 0,9980 0,0008 2,5903 0,0008 2,9618 0,0008 3,4799 0,0008 4,3285 0,0008
31 0,0000 0,0006 0,9986 0,0006 2,8429 0,0006 3,2506 0,0006 3,8193 0,0006 4,7506 0,0006
32 0,0000 0,0005 0,9992 0,0005 3,1201 0,0005 3,5676 0,0005 4,1917 0,0005 5,2139 0,0005
33 0,0000 0,0004 0,9996 0,0004 3,4243 0,0004 3,9154 0,0004 4,6004 0,0004 5,7222 0,0004
34 0,0000 0,0004 1,0000 0,0004 3,7581 0,0004 4,2971 0,0004 5,0488 0,0004 6,2800 0,0004
35 0,0000 0,0003 1,0003 0,0003 4,1244 0,0003 4,7160 0,0003 5,5410 0,0003 6,8922 0,0003
36 0,0000 0,0003 1,0005 0,0003 4,5265 0,0003 5,1757 0,0003 6,0811 0,0003 7,5640 0,0003

Sum 1,0000 1,0005 0,03 10,63% 12,83% 18,66% 27,13%

Table 8 - Roundabout evaluation for the 1st case (Morning Peak Hour)

Roundabout-based - Conflicting Volume (Morning Peak Hour Period)
Area Lane vi ci x d1 d2 d LOS Xa d1 d2,a d LOS Q1 Q2 Q

FPM

R-most Lane 282 485 0,58 27,78 5,13 32,91 D

1,28 33,50 507,17 540,67 F 65

-29

257R-mid Lane 794 1,64 33,50 1157,66 1191,16 F 128
L-mid Lane 861 456 1,89 33,50 1604,55 1638,05 F 193

L-most Lane 471 1,03 33,50 119,29 152,79 F 5

JAA

R-most Lane 201 224 0,90 34,60 53,77 88,37 F

2,99 36,00 3586,69 3622,69 F 338

-4

1685R-mid Lane 616 2,75 36,00 3156,01 3192,01 F 272
L-mid Lane 1140 200 5,70 36,00 8479,58 8515,58 F 1347

L-most Lane 580 2,90 36,00 3438,10 3474,10 F 279
Br. Entry Lane 278 85 3,29 34,00 4149,77 4183,77 F 3,29 34,00 4149,77 4183,77 F 34 162 196

AvLIB

R-most Lane 113 204 0,55 21,34 10,87 32,21 D

2,21 28,50 2178,73 2207,23 F 753

-12

1452R-mid Lane 861 4,23 28,50 5821,90 5850,40 F 699
L-mid Lane 673 180 3,74 28,50 4936,77 4965,27 F 464

L-most Lane 48 0,27 18,35 3,62 21,96 C -9



DL R-Entry 408 199 2,05 38,00 1908,07 1946,07 F 1,45 38,00 823,20 861,20 F 28 109 138
L-Entry 135 176 0,77 35,41 28,06 63,47 F -7

Table 9 - Roundabout evaluation for the 1st case (Morning Peak Hour)

Roundabout-based - Conflicting Volume (Afternoon Peak Hour Period)
Area Lane vi ci x d1 d2 d LOS Xa d1 d2,a d LOS Q1 Q2 Q

FPM

R-most Lane 209 555 0,38 25,63 1,96 27,59 D

0,83 30,91 4,01 34,93 F 17

-32

107R-mid Lane 535 0,96 32,92 49,41 82,33 F -4
L-mid Lane 770 527 1,46 33,50 838,65 872,15 F 90

L-most Lane 283 0,54 27,27 3,93 31,21 D -32

JAA

R-most Lane 74 332 0,22 27,64 1,55 29,19 D

1,78 36,00 1404,77 1440,77 F 529

-14

920R-mid Lane 515 1,55 36,00 1003,76 1039,76 F 72
L-mid Lane 857 305 2,81 36,00 3273,62 3309,62 F 391

L-most Lane 820 2,69 36,00 3055,20 3091,20 F 350
Br. Entry Lane 375 96 3,90 34,00 5237,86 5271,86 F 3,90 34,00 5237,86 5271,86 F 39 275 315

AvLIB

R-most Lane 488 225 2,17 28,50 2111,82 2140,32 F

3,05 28,50 3690,35 3718,85 F 389

144

2959R-mid Lane 1637 7,26 28,50 11282,06 11310,56 F 2570
L-mid Lane 445 201 2,22 28,50 2203,61 2232,11 F 137

L-most Lane 29 0,14 17,32 1,51 18,83 C -6

DL R-Entry 429 113 3,80 38,00 5067,60 5105,60 F 2,69 38,00 3048,88 3086,88 F 89 304 393
L-Entry 131 96 1,37 38,00 719,24 757,24 F 13

Table 10 – Roundabout evaluation for the 2nd case (Morning Peak Hour)

Roundabout-based Free Flow - No Conflicting Volume (Morning Peak Hour)
Entry vi ci x d1 d2 d LOS Q1 Q2 Q
FPM 2408 2260 1,07 33,50 129,66 163,16 F 12 40 52
JAA 2537 2260 1,12 36,00 227,69 263,69 F 24 79 102
Br. 278 565 0,49 27,44 3,08 30,52 D 5 0 5

AvLIB 1695 2260 0,75 23,98 9,36 33,34 D 22 0 22
DL 543 1130 0,48 32,64 0,74 33,38 D 10 0 10



Table 11 - Roundabout evaluation for the 2nd case (Afternoon Peak Hour)

Roundabout-based Free Flow - No Conflicting Volume (Afternoon Peak Hour)
Entry vi ci x d1 d2 d LOS Q1 Q2 Q
FPM 1797 2260 0,80 30,43 3,07 33,50 D 19 0 19
JAA 2266 2260 1,00 36,00 40,38 76,38 F 0 3 3
Br. 375 565 0,66 29,35 6,22 35,58 E 6 0 6

AvLIB 2599 2260 1,15 28,50 292,54 321,04 F 35 99 134
DL 560 1130 0,50 32,78 0,78 33,56 D 10 0 10

Table 12 - Roundabout evaluation for the 3rd case (Morning Peak Hour)

Signal Intersection Approach (Morning Peak Hour)
Entry vi s gi/C ci x d1 d2 d LOS Q1 Q2 Q
FPM 2408 1631 0,33 2152 1,12 33,50 221,32 254,82 F 22 73 95
JAA 2537 1658 0,28 1857 1,37 36,00 662,45 698,45 F 97 234 331
Br. 278 1590 0,32 509 0,55 28,02 4,24 32,26 C 5 0 5

AvLIB 1695 1677 0,43 2885 0,59 21,74 5,01 26,74 C 29 0 29
DL 543 1614 0,49 1582 0,34 31,47 0,33 31,80 C 11 0 11

Table 13 - Roundabout evaluation for the 3rd case (Afternoon Peak Hour)

Signal Intersection Approach (Afternoon Peak Hour)
Entry vi s gi/C ci x d1 d2 d LOS Q1 Q2 Q
FPM 1797 1644 0,33 2170 0,83 30,89 3,95 34,84 C 17 0 17
JAA 2266 1595 0,28 1786 1,27 36,00 487,70 523,70 F 55 154 209
Br. 375 1593 0,32 510 0,74 30,24 9,62 39,86 D 5 0 5

AvLIB 2599 1683 0,43 2894 0,90 26,46 27,08 53,55 D 17 0 17
DL 560 1638 0,49 1605 0,35 31,52 0,33 31,85 C 12 0 12



Table 14 - Roundabout Evaluation (FCTUC Method, Morning Peak Hour)

Roundabout Approach (Morning Peak Hour)
ICD

132,00
FPM S X2 M td fc F K Qc Qe

FPM v 15,10 0,11 17,89 1339,43 1,00 1,91 6002,83 1,06 1209,00 3926,80
e 18,53 vi X
l' 48,20 2408 0,61
r 45,00
Ø 50,00 S X2 M td fc F K Qc Qe

JAA v 14,25 -0,11 10,57 1339,43 1,00 1,01 3546,49 1,04 2310,00 1256,89
e 11,40 vi X
l' 40,50 2537 2,02
r 35,00
Ø 49,00 S X2 M td fc F K Qc Qe

Br. v 4,67 0,16 8,05 1339,43 1,00 0,71 2700,80 1,05 3704,00 93,40
e 9,13 vi X
l' 44,71 278 2,98
r 33,00
Ø 42,00 S X2 M td fc F K Qc Qe

AvLIB v 11,40 0,10 12,51 1339,43 1,00 1,25 4196,89 1,03 2448,00 1174,77
e 12,73 vi X
l' 21,53 1695 1,44
r 30,00
Ø 44,00 S X2 M td fc F K Qc Qe

DL v 5,14 0,18 8,22 1339,43 1,00 0,73 2756,06 1,10 2481,00 1048,71
e 9,33 vi X
l' 37,00 543 0,52
r 55,00
Ø 38,00



Table 15 - Roundabout Evaluation (FCTUC Method, Afternoon Peak Hour)

Signal Intersection Approach (Afternoon Peak Hour)
ICD

132,00
S X2 M td fc F K Qc Qe

FPM v 15,10 0,11 17,89 1339,43 1,00 1,91 6002,83 1,06 1016,00 4318,30
e 18,53 vi X
l' 48,20 1797 0,42
r 45,00
Ø 50,00

JAA v 14,25 -4,56 14,60 1339,43 1,00 1,51 4898,19 1,04 1748,00 2361,90
e 11,40 vi X
l' 40,50 2266 0,96
r 35,00
Ø 49,00

Br. v 4,67 7,14 4,96 1339,43 1,00 0,33 1664,61 1,05 3284,00 617,83
e 9,13 vi X
l' 44,71 375 0,61
r 33,00
Ø 42,00

AvLIB v 11,40 2,13 11,65 1339,43 1,00 1,15 3909,25 1,03 2303,00 1314,57
e 12,73 vi X
l' 21,53 2599 1,98
r 30,00
Ø 44,00

DL v 5,14 6,70 5,43 1339,43 1,00 0,38 1821,87 1,10 3292,00 608,84
e 9,33 vi X
l' 37,00 560 0,92
r 55,00
Ø 38,00



C. Chapter 6 annex: Aimsun simulation files and extracted tables.

In this chapter, the intended milestones are:

· Providing the output tables generated by Aimsun;

Table 16 - Aimsun output generated for Roundabout (old layout, signalized)

Séries Temporais Valor
Desvio
Padrão Unidades

Contagem de Entrada - Car 3506 N/D veíc
Densidade - Car 50,8 7,72 veíc/km
Distância Total Viajada - Car 1163,37 307,69 km
Distância Total Viajada (Veículos Dentro) - Todos 340,14 N/D km
Distância Total Viajada (Veículos Dentro) - Car 340,14 N/D km
Fila Média - Car 220,31 38,03 veíc
Fila Virtual Máx. - Car 1932,43 782,77 veíc
Fila Virtual Média - Car 734,45 242,51 veíc
Fluxo - Car 3107,22 860,27 veíc/h
Fluxo de Entrada - Car 3506 777,29 veíc/h
Movimentos Perdidos - Car 480,52 132,84
Número de Mudança de Faixas - Car 1634,91 404,85 #/km
Número de Paradas - Car 1,51 0,05 #/veíc/km
Número de Paradas Total - Car 28166,62 7670,58
Número Total de Mudança de Faixas - Car 9797,65 2426,17
Tempo de Atraso - Car 704,31 84,84 seg/km
Tempo de Espera na Fila Virtual - Car 200,71 61,47 seg
Tempo de Viagem - Car 770,62 84,81 seg/km
Tempo de Viagem Total (Veículos Dentro) -
Todos 153,38 N/D h
Tempo de Viagem Total (Veículos Dentro) - Car 153,38 N/D h
Tempo Parado - Car 662,66 87,46 seg/km
Tempo Total de Viagem - Car 224,42 42,59 h
Tempo Total de Viagem (Aguardando Fora) -
Todos 611,21 N/D h
Tempo Total de Viagem (Aguardando Fora) - Car 611,21 N/D h
Veículos Aguardando para Entrar - Car 1928,81 785,43 veíc
Veículos Dentro - Car 398,78 90,89 veíc
Veículos Fora - Car 3107,22 860,27 veíc
Veículos Perdidos Dentro - Car 0 0 veíc
Veículos Perdidos Fora - Car 0 0 veíc



Table 17 – Aimsun output generated for Roundabout (old layout, free-flow)

Séries Temporais Valor
Desvio
Padrão Unidades

Contagem de Entrada - Car 5344,89 N/D veíc
Densidade - Car 20,62 1,99 veíc/km
Distância Total Viajada - Car 1754,65 21,22 km
Distância Total Viajada (Veículos Dentro) - Todos 85,21 N/D km
Distância Total Viajada (Veículos Dentro) - Car 85,21 N/D km
Fila Média - Car 68,84 11,03 veíc
Fila Virtual Máx. - Car 100,11 33,1 veíc
Fila Virtual Média - Car 38,92 15,04 veíc
Fluxo - Car 5202,29 60,1 veíc/h
Fluxo de Entrada - Car 5344,89 65,7 veíc/h
Movimentos Perdidos - Car 65,17 9,13
Número de Mudança de Faixas - Car 2014,2 48,7 #/km
Número de Paradas - Car 0,6 0,02 #/veíc/km
Número de Paradas Total - Car 18807,44 836,25
Número Total de Mudança de Faixas - Car 12070,66 291,83
Tempo de Atraso - Car 209,89 23,2 seg/km
Tempo de Espera na Fila Virtual - Car 18,96 7,25 seg
Tempo de Viagem - Car 275,53 23,21 seg/km
Tempo de Viagem Total (Veículos Dentro) -
Todos 21,86 N/D h
Tempo de Viagem Total (Veículos Dentro) - Car 21,86 N/D h
Tempo Parado - Car 186,36 23,66 seg/km
Tempo Total de Viagem - Car 120,19 11,35 h
Tempo Total de Viagem (Aguardando Fora) -
Todos 17,56 N/D h
Tempo Total de Viagem (Aguardando Fora) - Car 17,56 N/D h
Veículos Aguardando para Entrar - Car 92,99 33,53 veíc
Veículos Dentro - Car 142,6 19,79 veíc
Veículos Fora - Car 5202,29 60,1 veíc
Veículos Perdidos Dentro - Car 0 0 veíc
Veículos Perdidos Fora - Car 0 0 veíc



Table 18 - Aimsun output generated for Roundabout (new layout, signalized)

Séries Temporais Valor
Desvio
Padrão Unidades

Contagem de Entrada - Car 5076,57 N/D veíc
Densidade - Car 37,92 1,87 veíc/km
Distância Total Viajada - Car 1819,87 28,09 km
Distância Total Viajada (Veículos Dentro) - Todos 198,75 N/D km
Distância Total Viajada (Veículos Dentro) - Car 198,75 N/D km
Fila Média - Car 145,55 8,91 veíc
Fila Virtual Máx. - Car 680,56 71,07 veíc
Fila Virtual Média - Car 306,42 35,15 veíc
Fluxo - Car 4838,97 70,15 veíc/h
Fluxo de Entrada - Car 5076,57 60,56 veíc/h
Movimentos Perdidos - Car 135,84 12,33
Número de Mudança de Faixas - Car 1286,66 27,39 #/km
Número de Paradas - Car 1,24 0,03 #/veíc/km
Número de Paradas Total - Car 33458,81 749,72
Número Total de Mudança de Faixas - Car 7175,69 152,75
Tempo de Atraso - Car 344,33 19,96 seg/km
Tempo de Espera na Fila Virtual - Car 118,34 13,12 seg
Tempo de Viagem - Car 416,78 19,99 seg/km
Tempo de Viagem Total (Veículos Dentro) -
Todos 47,55 N/D h
Tempo de Viagem Total (Veículos Dentro) - Car 47,55 N/D h
Tempo Parado - Car 301,83 19,49 seg/km
Tempo Total de Viagem - Car 202,86 10,08 h
Tempo Total de Viagem (Aguardando Fora) -
Todos 209,67 N/D h
Tempo Total de Viagem (Aguardando Fora) - Car 209,67 N/D h
Veículos Aguardando para Entrar - Car 666,55 71,28 veíc
Veículos Dentro - Car 237,6 28,39 veíc
Veículos Fora - Car 4838,97 70,15 veíc
Veículos Perdidos Dentro - Car 0 0 veíc
Veículos Perdidos Fora - Car 0 0 veíc
Velocidade - Car 12,73 0,53 km/h
Velocidade Harmônica - Car 8,64 0 km/h


