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Sammanfattning 

Uppkopplade fordon i trafiksignaler – Effekter i svenska trafikförhållanden 

Ellen Grumert (VTI) och Iman Pereira (VTI) 

Uppkopplade fordon kan bidra på två sätt i trafiksignaler: (1) som ett komplement till (eller för att ta 
bort) stationära detektorer och för att delge mer detaljerad information om position, hastighet etc. med 
målet att optimera styrstrategin i trafiksignalen eller (2) som mottagare av information av trafik-
signalens status (grönt/gult/rött) för optimering av det uppkopplade fordonets färd genom korsningen 
eller för optimering av trafiksystemet. I Sverige används vanligtvis en trafikstyrd styrstrategi, där 
trafiksignalens status justeras utifrån detektering av enskilda fordon. Det är idag oklart hur 
uppkopplade fordon kan användas i nuvarande svenska trafiksignaler eller om styrstrategin måste 
anpassas för att bättre utnyttja information från uppkopplade fordon.  

Syftet med denna rapport är att undersöka hur och om uppkopplade fordon kan inkorporeras i 
nuvarande svenska trafiksignaler då målet är att öka framkomligheten i korsningen. I rapporten 
presenteras resultat från granskningen av befintliga och i fältförsök testade uppkopplade trafiksignaler, 
samt slutsatser från den workshop med experter inom området svenska trafiksignaler som har 
genomförts inom ramen för projektet.  

Som ett resultat av granskningen identifieras lovande scenarier där uppkopplade fordon har potential 
att bidra till ökad framkomlighet i svenska trafiksignaler. Det ska dock nämnas att även om man 
lyckas identifiera lovande scenarier, är slutsatsen att en ny design av styrstrategin kan komma att vara 
nödvändig för att fullt ut kunna utnyttja uppkopplade fordon i svenska trafiksignaler.  

Tre lovande scenarier undersöks vidare genom trafiksimulering: (1) heads-up green för uppkopplade 
fordon, (2) huvudledsprioritet för uppkopplade fordon och (3) min/max gult, för att undersöka 
potentialen att minska gultiden som efterföljer en gröntidsperiod i trafiksignalen genom att använda 
information om accelerationen och hastigheten från de uppkopplade fordonen och på så sätt indikera 
om fordonet planerar att stanna eller inte. En reduktion av gultiden sker om man vet att fordonen 
planerar att stanna vid stopplinjen.  

Den simuleringsbaserade utvärderingen visar att uppkopplade fordon kan användas i svenska 
trafiksignaler för att öka framkomligheten, framförallt genom information om skifte från rött till grönt 
(scenario 2). Vidare kan uppkopplade fordon ersätta dagens detektorer vid prioritering av fordon på 
huvudleden (scenario 1). Vid en hög uppkopplingsgrad kan prioritering av uppkopplade fordon på 
huvudleden jämställas med dagens prioritieringsfunktion, vilket ur ett framkomlighetsperspektiv 
innebär att observerade framkomlighetseffekter är jämförbara då prioritering sker via uppkopplade 
fordon och via detektorer, det vill säga framkomligheten påverkas positivt vid låga och 
medeltrafikflöden då prioriteringen tillåts användas mer fritt.  

Slutligen dras slutsatsen att mer detaljerade fordonsdata såsom acceleration/deceleration och 
hastigheter skulle kunna användas för att minska behovet av gultid och därmed öka framkomligheten 
något. Den positiva effekten av reducerad gultid är störst för låga trafikflöden då gultiden utgör en 
större andel av omloppstiden i trafiksignalen. 

Nyckelord 

Uppkopplade fordon, trafiksignaler, trafikstyrd, trafiksimulering 
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Abstract 

Connected vehicles in traffic signals – Effects in Swedish traffic signal conditions 

Ellen Grumert (VTI) and Iman Pereira (VTI) 

Connected vehicles can be used in two ways in traffic signal control: (1) as a complement to, or for 
removing of, stationary detectors and to give more detailed information about position, speed, etc. of 
individual vehicles with the goal to optimize the traffic signal control strategy or (2) to receive 
information about the traffic signal status for optimization of the connected vehicles movements when 
traversing the intersection or for optimization of the traffic system. In Sweden, a traffic actuated 
control strategy is commonly used, where the traffic signal status is adjusted based on detection of 
individual vehicles. It is today unclear if connected vehicles can be used in the current Swedish traffic 
signal control settings or if the control strategy must be adapted to better take advantage of connected 
vehicle information.  

The purpose with this report is to investigate how, and if, connected vehicles can be incorporated in 
the current Swedish traffic signals when the goal is to improve the traffic performance in the 
intersection. The report presents results from the review of existing systems and in field tested 
connected traffic signals together with results from a workshop with experts in the field of Swedish 
traffic signals.  

As a result of the review, promising scenarios are identified where connected vehicles have the 
potential to contribute to increased traffic performance in Swedish traffic signals. It should be 
mentioned, however, that even if promising scenarios are identified, the conclusion is that to be able to 
make full use of connected vehicles, a new design of the control strategy may be necessary.  

Three promising scenarios are further investigated through traffic simulation: (1) heads-up green for 
connected vehicles, (2) main road priority of connected vehicles, (3) yellow min/max, to investigate 
the potential of reducing yellow time following a green time period in the traffic signal by using 
information about the acceleration and speed of the connected vehicles and thus indicating whether the 
vehicle plans to stop or not. A reduction of the yellow time occurs if you know that the vehicles plan 
to stop at the stop line.  

The simulation-based evaluation shows that connected vehicles can be used in Swedish traffic signals 
to increase traffic efficiency, primarily by informing connected vehicles about a switch from red to 
green. Furthermore, connected vehicles can replace detectors when prioritizing vehicles on the main 
road, which from a traffic efficiency perspective leads to that similar effects as obtained in the current 
prioritization-function can be observed, especially for higher shares of connected vehicles, i.e. traffic 
efficiency is mainly positively affected at low and medium traffic flows as the prioritization-function 
is allowed to operate more freely.  

Finally, it is concluded that more detailed vehicle data such as acceleration/deceleration and individual 
speed could be used to reduce the need for yellow time and thereby increase the traffic efficiency. The 
positive effect of reducing the yellow time is largest for low traffic flows since yellow time is a larger 
part of the total cycle time in this case. 

Keywords 

Connected vehicles, traffic signals, traffic actuated, traffic simulation 
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Preface 
This VTI report is divided into two main parts. The first part consists of a review of the current state-
of-the-art of connected traffic signals considering implemented systems, field-trials, as well as systems 
presented in the literature. The review includes an investigation on how the findings from the state-of-
the-art can be adopted to the, in Sweden, commonly used traffic actuated signal control strategy. The 
second part includes a traffic simulation-based evaluation of the most promising applications of using 
connected vehicles in Swedish traffic signals and its effects on the performance of the traffic system.  

The project is funded by the Swedish Transport Administration via CTR (Center for Traffic Research) 
and Anna Dehnberg has been the contact person at the Swedish Transport Administration. The work 
has been carried out by a working group consisting of Ellen Grumert and Iman Pereira from VTI. 
Johan Olstam from VTI has been involved as senior advisor in the project. During the project, a 
workshop has been performed with experts in the traffic signal control area. The participants on the 
workshop were Martin Andersson from the Swedish Transport Administration, Johan Steen from 
TKSAB, Johan Wahlstedt from Ramboll, Alf Peterson from Rise and Ellen Grumert from VTI. 
Further, discussions have been carried out with Martin Andersson from the Swedish Transport 
Administration and Johan Steen from TKSAB to improve the modelling of the traffic signal control 
strategy. 

A reference group consisting of Anna Dehnberg (Swedish Transport Administration), Martin 
Andersson (Swedish Transport Administration) and the project participants have met every six months 
and a steering group consisting of the members of the reference group, as well as Jonny Svedlund, 
David Otterdal, and Anna Niva (later replaced by Lars Johansson), all from the Swedish Transport 
Administration have met at least once a year. 

Linköping November 2020 

Ellen Grumert 
Project leader 
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1. Introduction 
Traffic signals are implemented in intersections with the goal to increase traffic efficiency and safety. 
Conflicting traffic flows are separated in time by informing the drivers about driver or stop actions via 
green and red traffic lights. In this way safety is substantially increased in the intersection. 
Additionally, to increase safety even more, at a change from green to red, and the opposite, some 
seconds with yellow time is applied. This inform the drivers about an upcoming change and the 
number of violations against red light is reduced. Traffic efficiency is increased by adjusting the green, 
red and yellow times to reflect the current demand for green at the different approaches. In this way, 
the delay and waiting times of individual vehicles is reduced. In Sweden traffic signals control may 
include unopposed traffic movements as well as turning movements opposed by meeting traffic flow 
and/or pedestrian crossings with green in the same phase (see example in phase 2, page 39).   

When the traffic signals were introduced in the 1860’s, the green and red times was adjusted manually 
by the police. Later, the green, yellow and red times were adjusted automatically. In its simplest form 
the automated process is based on a fixed time control, i.e. the green, yellow and red times are fixed or 
does only change based on the time of the day, for example different settings can be applied for peak 
and off-peak periods. More advanced control strategies adjust the times based on the oncoming traffic 
flows from the different approaches. Hence, stationary detectors are used to inform the control logic 
about an arrival of a vehicle at the intersection. Even more advanced strategies make use of the 
available information from the detectors to optimize the control strategy, by adjusting the times to 
minimize queues, delays, or something else.  

The introduction of connected vehicles has opened up for the use of a new data source that gives 
access to more detailed data and can be used as a complement to, or instead of, expensive stationary 
detectors with large maintenance costs. Further, information about the traffic signal status can be 
received by the connected vehicles for use in individual control or to control the connected vehicles by 
considering them as entities in the traffic system and thereby optimize the traffic performance in the 
intersection. Optimally, the flow of information goes in both ways to have a fully optimized traffic 
signal control strategy. Today, several existing systems, field-trials, as well as numerous literature 
studies on connected traffic signals exists. 

In Sweden, the most common control strategy implemented in isolated traffic signals is based on 
actuated control. In major urban areas the traffic signals on busy arterials are often coordinated, 
operating with the same cycle time and preset offsets for start of green at each intersection. The green 
time is extended when a new arrival at the intersection is detected, referred to as the green time 
extension method. Further, several detector-based safety and priority functions are included to enhance 
safety and efficiency in the intersection, referred to as the LHOVRA-functions. Therefore, it is hard to 
predict the green, red and yellow times long in advance and the potential of communication of traffic 
signal status is thereby very limited. It is only when the traffic signal status cannot change, such as for 
example at a switch from red to green, that the information can be used successfully by connected 
vehicles. Hence, it is mainly when connected vehicles are used as information providers to the control 
strategy that one expects benefits from including connected vehicles in Swedish traffic signals. The 
impacts on the traffic system of including connected vehicles in Swedish traffic signal control 
strategies, both as information providers and receivers, are today not known or the conclusions are 
based on studies that are not adapted to Swedish traffic signal conditions. 

1.1. Purpose and aim 
The purpose of this study is to contribute to increased understanding and knowledge on connected 
traffic signals and the impacts these can have on the transport system, and to investigate the 
requirements of available data from the connected vehicles and the traffic signals. 
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The aim of this study is to identify relevant scenarios where connected vehicles can be used as 
information providers and/or receivers in traffic signals from a Swedish perspective, and to use traffic 
simulation to evaluate the identified scenarios for a generic signalized intersection in typical Swedish 
traffic environments and with a, for Sweden, common traffic signal control strategy at isolated 
intersections. When identifying relevant scenarios and estimating the impacts of connected vehicles in 
traffic signals, the focus will be on traffic signals for Swedish road and traffic conditions. 

1.2. Methodology 
The current status on connected traffic signals, i.e. traffic signals making use of connected vehicles for 
information sharing, both through communication of information from individual vehicles and 
communication of the traffic signal status to individual vehicles are investigated through a state-of-
the-art review. The state-of-the-art, focus on already deployed systems or systems tested in field trials. 
The review does not focus on studies of connected traffic signals proposed in the literature. The reason 
for this is that the focus in this report is on Swedish traffic signals and how, and if, Sweden can move 
from the currently implemented traffic signals to connected traffic signals, without large changes on 
the current design of traffic signal control and the already implemented control strategies. Since the 
traffic signal control strategies proposed in the literature are often based on futuristic scenarios or 
includes large changes to the existing control strategy, these studies have been as of less relevance for 
this report. Additionally, two comprehensive, and recently published, state-of-the-art literature reviews 
does already exists on the topic connected traffic signal.  However, a summary including the main 
findings from the previously published state-of-the-arts are included to get an overview of the current 
trends in the research field of connected traffic signals and to relate it to the Swedish conditions. For 
the implemented systems, a lot of the information has been gathered from home pages and press-
releases. However, a few research studies exist on already implemented systems. The articles from the 
field trials have been gathered mainly from scopus, web of science and TRID. The search words are 
connected traffic lights, connected traffic signals, connected vehicles + traffic signal, connected 
vehicles + traffic light, connected traffic lights + field trial, connected traffic signal + field trial, 
connected vehicles + traffic signal + field trial, connected vehicles + traffic light + field trial. 

To identify relevant scenarios where connected vehicles can possibly contribute to improved traffic 
performance at intersections with a Swedish traffic signal control strategy based on the green time 
extension method and the LHOVRA-functions a workshop has been performed with experts on 
Swedish traffic signals. An invitation to the workshop was sent out to a selection of participants, 
where the selection was based on suggestions from the reference group. In the end, available 
participants were Martin Andersson from the Swedish Transport Administration, Johan Steen from 
TKSAB, Johan Wahlstedt from Ramboll, Alf Peterson from Rise and Ellen Grumert from VTI. The 
goal with the workshop was to first present some results from the review of existing systems, field-
trials and studies from the literature to conclude on how connected vehicles could be used on traffic 
signal control in general. Thereafter, the possibility to include connected vehicles in the green time 
extension method and the LHOVRA-functions were discussed. A few promising scenarios for when it 
could be beneficial to us connected vehicles in Swedish traffic signals were identified. By selecting a 
small group of participants with comprehensive knowledge on Swedish traffic signals and many years 
of experience in the subject it was possible to have a focused discussion and draw relevant conclusions 
for all functions. 

To further assess the benefits of the most promising scenarios identified from the workshop, a traffic 
simulation-based evaluation was performed. Since the identified scenarios and the required 
information sharing, etc. are non-existing today, a traffic simulation-based approach was deemed 
suitable. This allow for testing of scenarios, inclusion/exclusion of detectors, inclusion of connected 
vehicle information with different shares of connected vehicles. Since information from individual 
vehicles are required the microscopic traffic simulation tool SUMO that allow for modelling of 
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individual vehicles was used. The goal with the simulation-based study was to identify effects on the 
traffic system with respect to traffic efficiency using a generic model representative for isolated 
intersections using traffic actuated signal control in Swedish traffic conditions. Thus, the focus was on 
the expected impact of inclusion of connected vehicles in a typical Swedish signalized intersection. 
The geometric design and the traffic signal control strategy is taken from an intersection in Stockholm, 
Huddingevägen / Lännavägen, which is believed give a good representation of an intersection with 
one of the most frequently used traffic control strategies in isolated intersections in Sweden. However, 
since the goal has not been to model a specific intersection, most of the calibration work related to 
vehicle behavior and traffic flow characteristics are based on assumptions and estimations from 
previous studies on similar intersections.  

1.3. Delimitations 
The review of studies on connected traffic signals from the literature is only briefly covered. The 
reason is that the focus of this study is on assessing the benefits of making use of connected vehicles 
in Swedish traffic signals conditions, whereas the literature studies are usually far from actual 
implementation due to unrealistic assumptions, complex control strategies, etc.  

The conclusions and results from the workshop are based on the views and discussions among the 
included participants.  

In the simulation-based evaluation, one intersection is modelled to isolate effects from the control 
strategy and the connected vehicles functionality without interruptions from the surrounding traffic 
network. Pedestrians and bicyclists are excluded from the study since the goal has been to investigate 
effects on the road traffic and especially connected vehicles. Since the goal is to model a generic 
intersection, representative for Swedish traffic conditions, the data used for the calibration of the 
simulated intersection is mainly taken from previous research and field studies on traffic signal 
control, traffic flow characteristics at city roads, etc., i.e. no additional data collection has been 
included in this study. 

The control strategy of the traffic signal using the green time extension method and the LHOVRA-
functions are implemented with knowledge from available documents from the Swedish Transport 
Administration and consulted experts. Hence, the traffic signal has to the best of our knowledge been 
implemented according to the actual control strategy, however, some differences might exist. Further, 
only the LHOVRA-functions that has been the focus in this study are sufficiently evaluated. 

Impacts on safety has not been part of this study due to the limited possibilities to study safety effects 
using traffic simulation-based studies. Although, the focus in the simulation-based evaluation has been 
on traffic efficiency and functions that have a potential to improve the traffic efficiency, why safety is 
of less importance.  

1.4. Structure of report 
The structure of the report is the following. In chapter 2, the results from review of existing connected 
traffic signals, field-trials, and studies on connected traffic signals from the literature are summarized 
together with an introduction to traffic signals and traffic signal control in general. In chapter 3, the 
simulation-based evaluation is presented, including the description of the simulated intersection, the 
data for calibration, the implementation in SUMO and the results. The main conclusions and 
suggestions for future work are summarized in Chapter 4.  
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2. Connected vehicles in traffic signal control 
This chapter summarize the findings from the review of existing connected traffic signals, field-trials, 
and studies on connected traffic signals from the literature and the workshop, as well as an 
introduction to traffic signal control and the current control strategy in Sweden. Section 2.1 gives a 
brief introduction to traffic signal control in general and Section 2.2 gives an introduction to Swedish 
traffic signal control, and especially the green time extension method and the LHOVRA-functions. 
Section 2.3 gives the state-of-the-art on connected traffic signals based on the findings from the review 
and the workshop. In Section 2.4, the main conclusions from the workshop with experts on Swedish 
traffic signals are given with emphasis on the possibility to make use of connected vehicles in Swedish 
traffic signal control.   

2.1. A brief introduction to traffic signal control  
Traffic signals are one of the oldest systems to control traffic in cities. The goal of the traffic signal is 
twofold. The first goal is to increase safety by avoiding dangerous situations in the intersections that 
can potentially lead to an incident. By allowing traffic flows to pass the intersection only when there is 
no conflicting flow, or at least only secondary conflicts caused by turning movements of vehicles, it is 
possible to limit the interactions between vehicles and between vehicles and other transport modes, 
such as vehicles and pedestrians. The goal was set out already when the traffic signal was introduced 
in the 1860’s, and it is still today the most important. The second goal is to optimize the traffic flows 
in an intersection in such a way that the traffic can drive smoothly through the intersection. This can 
for example be done by minimizing the time a vehicle has to wait for a red light, minimize queues or 
prioritize approaches with high traffic flows. As the traffic flows in larger cities has increased 
tremendously since the introduction of traffic lights this is today an important and highly prioritized 
goal, especially during peak-hours. The traffic signals are therefore often optimized for the peak-hour.  

From the beginning the traffic signals were manually operated by a policeman using a gas-lit and 
semaphores, which was later replaced by electric signals (still manually operated) (Clark, 2019). In 
later versions a pedestrian push-button was also introduced. When the policeman and later the traffic 
control tower could not operate the signal manually, predefined red and green times were used. Today, 
fixed time traffic signal control with automatic updates of red and green times at fixed times is used in 
many intersections world-wide. The predefined green and red times are optimized based on the design 
of the intersection and historic data using mathematical expressions such as the Webster (1958) 
formula. During the 1920’s the first actuated traffic signal was implemented in Baltimore (Feng, 
2015). The actuated traffic signal has since then developed with advanced detection of vehicles and 
mathematical models to optimize the traffic signal control based on the arriving traffic flows. Adaptive 
traffic signal control was introduced in the 1970’s, with the goal to adapt the green and red times to 
changes in the traffic demand and based on a specified objective function, with the goal to for example 
minimize queues or delays. Data from detectors are used to estimate and predict the current and near-
future traffic conditions Adaptive isolated traffic signal control was tested at two intersections in 
Stockholm already in 1973 with a strategy to minimize delay by switching signal phase when 
extension of green would have increased total intersection delay (Bång and Nilsson, 1976).   

The development of traffic signal control strategies over the years and the introduction of 
mathematical models and expressions for the different approaches are illustrated in Figure 1. The year 
associated with each control strategy refers to when it was introduced. As can be seen from the figure, 
the development of more advanced methods with mathematical models and expressions for calculating 
green and red times, cycle times, etc. has progressed over the years (for a description of these terms 
see Table 1). 
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Figure 1. The introduction of mathematical expressions, methods, and models for traffic signal 
control. Source: Webster (1958), Little (1966), Robertson (1969),Allsop (1971), Hunt, et al. (1982), 
Sims and Dobinson (1980), Trafikverket (2004), Little, et al. (1981), Gartner (1982), Henry, et al. 
(1983), Donati, et al. (1984), Bång and Nilsson (1976),Gartner, et al. (1991), Friedrich and Keller 
(1994), Head, et al. (1992), Bielefeldt and Busch (1994), (Skabardonis, 1996), Kronborg, et al. 
(1997),Siemens (2000) and Dynniq (2012). Information is also collected from Feng (2015), Wahlstedt 
(2013), Wang, et al. (2018), , Friedrich (2002) and Kosmatopoulos, et al. (2006). 

The components of a traffic signal control system are illustrated in Figure 2. Depending on the control 
strategy, different amount of data, and sensors and detectors are required. Several parameters must be 
predefined or estimated in real time. These parameters are mostly related to the signal timings such as 
for example red/green/yellow times, cycle times, phase length, split, offset and so on.  
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Figure 2. Illustration of a traffic signal control system with different control strategies. 

The traffic system without control 

Without control of the intersection the traffic will approach and pass the intersection at its arrival time 
and interactions with other vehicles will be solved by the drivers without any guidance or support from 
a control system. 

Fixed-time traffic signal control strategies 

As stated by Jing, et al. (2017), historical data is used to determine the parameters settings for fixed-
time traffic signal control strategies. This means that fluctuations and uncertainties in traffic demand 
over time is not taken into consideration and the parameter settings are based on an average traffic 
situation, which often reflects the peak-hours. An advancement of the most trivial fixed-time traffic 
light control strategy is, as stated by Feng (2015), to use time of day plan-based control, where 
different fixed-time signal plans are used for different parts of the day. An even more advanced 
strategy is to use a traffic-responsive signal control, where traffic patterns are matched to predefined 
fixed-time signal plans to reflect different traffic situations that can occur during a day. These patterns 
can for example differ for weekdays and weekends. 

Actuated traffic signal control strategies 

Actuated traffic signal control strategies are usually implemented at isolated intersections. 
Infrastructure-based sensors, loop detectors, video detectors and radars are used to detect and monitor 
traffic data in real-time. The length of a phase, as well as the split and sequence of the phases are 
adjusted based on the current traffic demand. According to Jing et. al. (2017), the timings are changed 
based on a set of pre-defined static parameters that cannot be adjusted in real-time, such as extension 
time, minimum and maximum green time. A common approach is according to Feng (2015) the gap-
out logic. In the gap-out logic, the phase is decided based on the gaps between detection of vehicles. 
Often loop-detectors across lanes are wired together when applying the gap-out logic. However, 
methods using lane-by-lane detection has also been applied to increase performance of the method 
(simultaneous gap-out logic). 
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Adaptive traffic signal control strategies 

According to Jing, et al. (2017), adaptive traffic light control strategies are more commonly applied for 
an arterial or a road network. An upstream detector is used to estimate the incoming traffic flow and 
the goal is to find an optimal timing strategy based on an objective function, which could for example 
be to maximize throughput or to minimize queue length at the intersection. The design of the control 
strategy in adaptive traffic signals has advanced since the first adaptive traffic signals were introduced 
in the 1970’s. The functionality and complexity of adaptive traffic signals have evolved over time as 
has been concluded by Gartner, et al. (1995), Sätterlund, et al. (2012) and Wang, et al. (2018). 
Different generations of traffic signal control strategies have been set out by Gartner, et al. (1995) and 
Wang, et al. (2018). The first generation of traffic signal control strategies are based on pre-stored 
signal time plans calculated by an off-line optimization method based historical traffic data, later with 
automatic updates of time plans. Examples are AUT which was tested in Uppsala (Sweden) in the 
1980’s, but is not used today (Sätterlund, et al., 2012); SCATS (1979) implemented in Australia; 
MOVA (1980’s), developed by TRL in U.K. and TASS (1980), developed in Germany and an 
implemented system exists in Chania, Greece (Mirchandani and Head, 2001). The second-generation 
is based on an on-line strategy with dynamic adjustment of the parameters of the signal timing scheme 
(cycle period, green time, phase time). The gathered data are coming from detectors or predicted 
values. Optimized control plans are proposed with the goal to minimize a network-wide objective 
using predicted traffic conditions as input. Examples are the British SCOOT (2000) and MOTION 
developed by Siemens in Germany (1994) and tested in for example Denmark for many years. The 
third-generation control strategies make use of an on-line control strategy similar to generation two, 
but are fully responsive, meaning that the update intervals are shorter and, unlike generation two, the 
cycle time is allowed to vary among the signals and for the same signal during the control period. 
Examples are SPOT/UTOPIA (1994), developed in Italy, implemented in Norway and Denmark; 
OPAC (1982) and RHODES (1994), implemented in the U.S.; PRODYN(1983) implemented in 
Toulouse in France; IMFLOW (2000) from the Netherlands that has been implemented in the 
Netherlands, Germany and Denmark; and BALANCE (1994) from Germany. Generation 4 and 5 
becomes even more advanced and in the control strategy it is possible to make use of the increased 
amount of available data and new types data sources, such as for example camera techniques, as well 
as the increased computational efficiency and complexity that has evolved over the recent years. Some 
of the control strategies are data-driven or based on artificial intelligence. An example is InSync 
(2008) that uses a methodology called Adaptive Fine-Tuning (AFT). The system is implemented in the 
U.S.  

2.2. Traffic signal control in Sweden 
The first traffic signal in Sweden was installed 1928 at an intersection Vasagatan/Kungsgatan in 
Stockholm and the signal status was from the beginning manually operated by the police 
(Transportforskningskommissionen, 1982). Later, the green, yellow and red times were adjusted 
automatically. However, the sign of a police officer does still overrule the traffic signal status. The 
report VGU (2004) describes the design of the different Swedish traffic signal control strategies. 
According to the Swedish definition, a traffic signal installation consisting of light and/or sound 
signals that are regulating and warning the traffic. The traffic signal installations are either working 
independently of other traffic signals, or coordinated, working as a group of traffic signals with a 
common goal. The goal is to improve safety and traffic efficiency, in terms of smoother transitions 
throughout the intersection and a reduction of the number of stops and delayed road users at the 
intersection, which in many cases are positive correlated to reductions of the environmental impacts. A 
traffic signal installation can be divided into three components, as illustrated in Figure 3. 
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Figure 3. Illustration of the components (detectors, the control strategy and the output or signal) in a 
traffic signal installation. 

Detectors 

In Sweden the detectors, used for measuring the traffic conditions such as traffic flows, arrivals, 
occupancy and speed, are commonly infrastructural, meaning that the detectors installed in the road or 
by the side of the road, examples are inductive loop detectors (Swedish: Slingdetektorer), microwave 
(radar), ultrasonic, video or infra-red detectors. Manually operated detectors exists for pedestrians and 
cyclists in the form of a push button.  However, the rapid development and the availability of different 
data sources, such as connected vehicles, has enabled the use of other types of data sources that can be 
assimilated together with the current data sources to get a more detailed picture of the current traffic 
situation. Even so, this is, as of today, not used in current traffic signal installations in Sweden to a 
greater extent. 

Control strategy 

Independent control strategies do commonly adjust the green times based on the current traffic flows 
measured at the detectors. For independent traffic signals in Sweden the green time extension method 
(Swedish: tidlucka-metoden) is the far most used control strategy (the control strategy is further 
described in Section 2.2.1). In this method, the detection at stationary detectors of vehicles activates 
green, either directly or when conflicting approaches have used up their allocated green time or 
reached a maximum allowed green time. The detection of small time-gaps between vehicles at the 
same detectors prolongs green. In addition, detection of e.g. heavy vehicles, vehicles in conflict zones, 
etc. might lead to further adjustments of green, yellow and red times by the so called LHOVRA-
functions (Trafikverket, 2004). 70% of the traffic signals in Sweden operates according to the green 
time extension method and with one or more of the LHOVRA-functions included in control strategy. 
Other control strategies are coordinated traffic signals with the goal to optimize the timings for 
different phases based on the number of stops, delays, etc. for a corridor of traffic signals or for a 
coordinated road network. The signal settings for each intersection (e.g cycle time, green split, offset 
between green start adjacent signal) are then normally chosen to obtain “green waves” in major 
directions, or to minimize traffic delay in the controlled road network. Traditionally this approach has 
been used to achieve a progressive green for dominating traffic streams. This can lead to prioritization 
of some roads in a network, even though the overall effectivity sometimes might be reduced. To avoid 
this, local coordinated control can be used, where the control is redistributed to smaller sub-systems 
(around 3-4 intersections). Adaptive control strategies (or self-optimization) with the goal to optimize 
the traffic flows by using a cost function or a set of pre-optimized signal plans have been limited 
implemented in Sweden. SPOT (Bing and Carter, 1995) is the adaptive control strategy most tested in 
Sweden. As of 2012 it was installed at one intersection in Sweden (SPOT-system in Uppsala). Apart 
from, SPOT a sub-system for prioritizing buses (PRIBUSS) are included in many of the controlled 
intersection in Stockholm. A computerized traffic signal controller based on Miller/TOL strategies 
(Bång, 1976) was built by LME and tested at two isolated traffic signals in Stockholm already in 1974. 
Due to the high cost for detectors at 200-300 m upstream each approach this product was never 
commercialized. The commercial traffic controller MOVA for isolated traffic signals developed by 
TRL in U.K. in the 1980’s was tested and compared with LHOVRA at field trials in Huddingevägen - 
Ågestavägen in Stockholm in 1997 (Kronborg, Davidsson, Edholm 1997).    
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Signal 

The control strategy is communicated to the road users by signals most commonly as lights 
(red,yellow,green). Other commonly used signals are “herr gårman” (for pedestrians), bicycle red-
yellow-green and arrows with colors.  

2.2.1. Green time extension method (Swedish: tidluckemetoden) with LHOVRA 
The green time extension control strategy (Trafikverket, 2004) is the most common control strategy in 
Sweden. It is an actuated control strategy for independent intersections, developed by Vägverket (later 
Trafikverket). The control strategy was originally developed for intersections on rural roads. However, 
many of the functions can be applied to urban intersections as well. Originally it consists of a method 
called the green time extension method. The method is based on detection of vehicles when passing 
one or more stationary detectors (segment/segments). The time-gap between two detections is used to 
calculate and extend the green time needed. In later versions, the green time extension method is 
expanded to include more details in the decision algorithm (the LHOVRA-functions). Before 
describing the green time extension method in more detail, several important terms are explained in 
Table 1. 

Table 1. Common terms in Swedish traffic control. 

Term Explanation 

Conflicts 

(Swedish: konflikter) 

The conflicts can be defined as either primary (crossing traffic flows) or secondary (other 
conflicts). The crossing flows are regulated by the signals by time separation while the other 
traffic flows are regulated by the traffic rules. 

Signal group 

(Swedish: 
signalgrupp) 

Every route through a signalized intersection is assigned to a signal group. Each signal group 
consists of one or more signals/routes that is always showing the same status (green-yellow-
red). If signal group control is applied the signal groups switch to green if a detector associated 
with the signal group detects a vehicle and no conflicting signal group is active. One or several 
non-conflicting signal groups can be green at the same time, depending on the detection of 
vehicles for detectors belonging to the signal groups. 

Green, yellow and red 
times 

(Swedish: Grön, gul 
och rödtid) 

The amount of time a signal group show green, red and yellow, respectively 

Variable green, yellow 
and red 

(Swedish: Variabelt 
grön, gult och rött) 

If the demand for green, yellow and red appear after a decision to switch, the signal group can 
stay in the current state (green, yellow or red) for a variable time if it is an included function for 
the considered signal group. The amount of variable time is decided based on the requirement to 
stay in the current state given by the detection of vehicles. 

Safety times 

(Swedish: 
Säkerhetstid/spärrtid) 

Safety times are utilized to introduce extra times for clearing of the intersection after a green 
time-period. At the time of an initiated change to green for one signal group in the intersection all 
conflicting signal groups that are affected by the change as well as the newly green signal group 
are showing red during the safety times. 

Cycle time  

(Swedish: Omloppstid) 

During one cycle there will be a shift between different phases, either at a predefined order or 
based on detection of the oncoming traffic flow.  

Phase 

(Swedish: fas) 

A phase shows the traffic flows that have green light (a single signal group or combinations of 
signal groups). The phases can appear in a predefined order, cyclic or non-cyclic (the order is 
not fixed but defined over time based on the incoming information from the detectors). When a 
traffic signal uses phase control all signal groups within the phase show green at the same time 
independent on if there is a requirement/detection for all signal groups to show green. 

Phase image  

(Swedish: Fasbild) 

Phase images are used if the traffic signal uses signal group control, i.e. each signal group can 
show green, yellow, and red independently of each other based on the detection of vehicles. If 
two signal groups are non-conflicting, they can show green at the same time. Phase images are 
used to show the different combinations of signal groups that can appear at the same time. 
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The green time extension strategy in Sweden is making use of signal groups to control the traffic flows 
from the different approaches. Differently from many other actuated control approaches, each signal 
group are controlled individually based on the detection of vehicles. This means that each of the signal 
groups are only switching to green if no conflicting signal groups are showing green and one or more 
detectors belonging to the signal group is notifying that a vehicle is detected. This is different from the 
pure phase control, where the actuation of phases (and not signal groups) is initiated by the 
notification of vehicle arrivals at one of many detectors, related to the phase rather than the signal 
groups. In phase control, the number of phase images that can appear are equal to the number of 
phases. In signal group control, the signal groups can be divided into many non-conflicting 
combinations and hence the number of phase images can be large. At a saturated intersection, where 
the demand is high from all approaches, the phase pictures that appear in signal group control are 
usually equal to some primary phase pictures, which are comparable to the phases (when phase control 
is applied). However, when the demand for green is non-existing for some signal groups, secondary 
phase images appear, where only some of the non-conflicting signal groups have green.  

The timings of the phase images and the cycle time are decided based on the detection of vehicles 
from the different approaches using the green time extension control strategy. If there is no 
notification of a vehicle arrival from conflicting signal groups, and a demand for green is identified by 
a continuous detection of vehicles at the signal group currently showing green, the status of the traffic 
signal can usually stay in green infinitely long. However, when a conflicting signal group notifies a 
vehicle arrival or when the time-gaps between vehicles in the currently active phase image is to large, 
i.e. no requirement for green from the currently active signal group, the traffic signal is switching to 
another phase image or, if no requirement for green from any signal group, to red for all signal groups. 
This means that the timings and order of the phase images are not specified beforehand but are 
dependent on the future traffic flows approaching the intersection. 

In addition to the traditional green time extension control strategy some special functionalities can be 
implemented through the LHOVRA-functions (Trafikverket, 2004). Examples are that yellow and red 
times are designed as actuated variables; logics related to the detectors have been extended to include 
prolonging of selectable signal group status with selectable intervals. LHOVRA consists of six 
functions that can be applied individually or together depending on the requirements in the considered 
intersection. The functions are summarized below. 

• L (Lastbil, English: Truck): Truck priority, can be replaced by bus-, colon- or queue-priority. 
It consists of detectors far away from the intersection that allow for early detection of trucks 
that are then prioritized by extending the green time or “reserve” a change to green. 

• H (Huvudled, English: Main Road): Main road priority. By early detection of vehicles on the 
main road the main road is prioritized by extending the green time or “reserve” a change to 
green.  

• (Olycksreduktion, English: Incident reduction): reduction of the risk of an accident. A 
prolongation of green is included when a vehicle is detected close to the intersection, where 
the vehicles might either decide to stop or go at an upcoming change from green to red. 

• V (variabelt gult, English: Variable Yellow): The yellow time is reduced if no vehicles are 
located at the traffic light to reduce time loss. 

• R (Rödkörningskontroll, English: Red driving control): Control against red-driving by delay 
of a change to green in conflicting approaches. 

• A (Allrödvändning, English: Allred turnaround): All red turnaround is used to switch to active 
mode from yellow if a vehicle is detected after a decision to switch to red for all signal groups, 
reduce the number of changes between green-yellow-red-red-yellow-green. 
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The detection of vehicles is today mainly done via detectors at predefined locations. An example of 
detector locations in green time extension control with the LHOVRA-functions is given in Figure 4. 
Each of the detectors are responsible to provide information to one or more of the signal groups in the 
green time extension method and the LHOVRA-functions. The number indicate, in meters, how far 
away the detector is from the intersection. For many of the functions more than one detector are used 
to follow the detection of a vehicle towards the intersection. 

 
Figure 4. Detectors and placement in Swedish traffic signal control. 

2.3. State-of-the-art of connected traffic signals 
As of today, connected vehicles, sending, and receiving information about the vehicle’s state and the 
surround traffic situation, has penetrated the market. As a result, more and more traffic signal control 
strategies are incorporating connected vehicles into the control logic. The vehicles can be used both as 
sensors to send information about its current state (speed, acceleration, position, etc.) and its close by 
traffic conditions by the use of detectors and sensors mounted on the vehicles. As well as acting as 
local receivers to receive information about the current traffic signal status and future switches of the 
traffic signal, so called Signal Phase and Timing (SPaT). The received information can be used for 
manual or automatic adjustment of the speed/acceleration/deceleration of the vehicle, to optimize the 
vehicles fuel consumption or the traffic system performance, etc. In summary, the connected vehicles 
can be one or both of 

1. Information providers – Floating Car Data (FCD) to the traffic signal controller to optimize 
the traffic system, e.g. speed, location, etc. observed by equipment mounted on the vehicles 
(Vehicle-to-infrastructure, V2I) 

2. Information receivers – receive information about traffic light status and adapt the information 
using a local control strategy. (Infrastructure-to-Vehicle I2V) 

The goal can be to optimize the traffic system (the intersection and the close by traffic environment) or 
to optimize the performance of single connected vehicles. Figure 5 gives an overview of the relation 
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between the connected vehicles and the traffic system, and the different types of control that can be 
applied. 

When the goal is to optimize the traffic system as in Figure 5 (a) both V2I and I2V can be used. V2I 
can be used to get information about the traffic conditions at the intersection, such as queue length, 
speed, approaching vehicles, etc. to optimize the signal timings. This information is communicated to 
the traffic signal for optimization of the control strategy (green-yellow-red). However, to further 
increase the use of connected vehicles at a traffic system perspective, I2V can be used to communicate 
traffic signal timings to the connected vehicles for information and control (through speed advices or 
cruise control) of connected vehicles towards a common goal, such as for example minimizing the 
emissions or queue length.  

 
Figure 5. Overview of the role of connected vehicles in traffic signal control: traffic system 
perspective (a) and individual vehicle perspective (b). 

When the goal is to optimize individual vehicles performance as in Figure 5 (b), I2V can be used to 
communicate traffic signal timings to the connected vehicles for information and control (through 
speed advices or cruise control) of connected vehicles towards an individual goal, such as for example 
minimizing the vehicle emission, avoid unnecessary stops or reduce travel time.  

The possibility to use connected vehicles as information providers (V2I) and receivers (I2V) will 
differ depending on the type of control strategy, as can be seen in Table 2 and Figure 6.  

For both actuated and adaptive traffic signal control, the information about switches to another phase 
image can be given to the driver as a fixed number only when they are certain. Otherwise, the 
information should not be available or appear in a range, i.e. time to green is between 12 and 20 sec, 
based on the certainty of it to happen. Further, the information and recommendations given to 
individual vehicles and control of individual vehicles might affect the traffic behavior of the vehicles 
and, hence, the traffic flow. This in turn might influence the traffic signal settings in the next iteration 
(for actuated control, when checking for detection of vehicles and for adaptive control, when 
optimizing the traffic signal timings based on the new traffic situation). Therefore, one might come to 
a situation where the information and control is affecting the traffic signal timings and the traffic 
signal timings are affecting the control in an undesirable way. 
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Table 2: Summary of how to use connected vehicles as information providers (V2I) and receivers 
(I2V) for different types of traffic signal control. 

Type of control strategy Information providers (V2I) Information receivers (I2V) 

Fixed time signal control In fixed time control there is no 
possibility to affect the traffic signal 
control strategy and the signal 
timings (cycle time, green times, 
etc.) are set from the beginning. In 
this case, it is useless to know more 
about the traffic system and 
connected vehicles as information 
providers will not have any effect on 
the control strategy.  

Information about current and future traffic signal 
status, time to switch etc. can be used to optimize 
the individual vehicle performance through in-
vehicle control (a control loop inside the vehicle) or 
to inform the drivers about the current and future 
traffic signal status, and the driver can thereafter 
make manual adjustments and decisions based on 
the additional information. 

Actuated traffic signal 
control 

Information from connected vehicles 
can be used to get more information 
about the current traffic conditions 
for estimation of the current traffic 
state to optimize the control strategy.    

Information about current and future traffic signal 
status, time to switch etc. can be used to optimize 
the individual vehicle performance through in-
vehicle control (a control loop inside the vehicle) or 
to inform the vehicles about the current and future 
traffic signal status, and the vehicle can thereafter 
make manual adjustments and decisions based on 
the additional information. The future traffic signal 
status is adjusted based on detection of vehicles. 
Hence, it is only when the switch to the next 
phase/phase image is certain, the information can 
be given to the drivers. One should be aware of 
that information, recommendations and control of 
individual vehicles can affect the timing of detection 
of vehicles and thereby the traffic signal settings. 

Adaptive traffic signal 
control 

Information from connected vehicles 
can be used to get more information 
about the current traffic conditions, 
such as arrival rates, speed, density, 
queue lengths, for estimation and 
prediction of the current and future 
traffic state to optimize the control 
strategy. In coordinated signal 
systems such information can be 
used for selection of signal timing 
plans (e.g fm, am, low traffic) as 
illustrated by V2I in the last sketch in 
Figure 6 and in Table 5.   

Information about current and future traffic signal 
status, time to switch etc. can be used to optimize 
the individual vehicle performance through in-
vehicle control (a control loop inside the vehicle) or 
to inform the vehicles about the current and future 
traffic signal status, and the vehicle can thereafter 
make manual adjustments and decisions based on 
the additional information. In adaptive traffic signal 
control, the future traffic signal status is usually 
based on estimations. Hence, the status may 
change in the next iteration of the optimization 
algorithm. One should be aware of that information, 
recommendations and control of individual vehicles 
can affect the traffic flow and thereby the traffic 
signal settings. 
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Figure 6. Illustration of the possibility to use connected vehicles as information providers (V2I) and 
receivers (I2V) for different types of traffic signal control. 

The following sections summarize the main findings from the review of the state-of-the-art of 
connected traffic signals. In Section 2.3.1 and 2.3.2 already deployed connected traffic signals and 
connected traffic signals tested on small- or large-scale field trials are summarized. Section 2.3.3 gives 
a brief overview of the main findings from the theoretical studies.  

2.3.1. Deployed systems 
There are a few already deployed connected traffic signals, where connected vehicles are used as 
receivers. One such system is implanted in the infotainment system of Audi vehicles (Davies, 2016; 
Golson, 2016; Estrada, 2018; Gustafson, 2018; Newsroom, 2018; Slovick, 2018). It is available in the 
U.S., examples of cities with the traffic signals using the system is Dallas, Houston, California, 
Portland and Washington. The goal is to inform the driver about the current and future traffic signal 
status by showing time-to-green and a countdown in seconds. The time is only available when it is 
certain, hence, both fixed time and actuated/adaptive signal control can be used. However, the time 
must be finally settled and non-changeable to appear to the driver. The countdown disappears several 
seconds before a change to green, with the purpose to increase awareness. The motivation behind the 
system is to have more relaxed and informed drivers, safety gains and planning ahead by increased 
knowledge about upcoming traffic situations. Another similar system is Enlighten (Coxworth, 2015; 
Marshall, 2016). The system is part of the BMW infotainment system but can also be used in an app 
version on your mobile phone, where the app version is slightly different from the in-vehicle version. 
The system can be used at connected traffic signals in the U.S. (in for example Portland, Las Vegas 
and Salt Lake City) and in Christchurch, New Zeeland. The motivation to the system is to improve 
driver safety, stress, urban traffic flows, fuel efficiency and carbon emissions, time-to-destination 
estimates and eventually also autonomous vehicle safety. The system is communicating the current 
traffic signal status and the time until an upcoming change, as well as giving an indication of if you 
will manage to pass during green at your current speed.  The app version of Enlighten has been 
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evaluated during a trial in New Zeeland (Wilson, et al., 2017) using a small sample size . See also 
Section 2.3.2. The study indicated that the drivers reduced the reaction time when going from red to 
green, which can potentially increase the efficiency in the intersection. However, frequent 
malfunctioning and a slow app resulted in distraction, increased stress and reduced attention to the 
app. Also, 17% of the drivers started to move before green when they knew a close by changes was 
approaching, resulting in an undesirable behavior and law breaking. 

2.3.2. Field trials 
The found field trials using connected vehicles as providers or receivers in connected traffic signals 
are summarized in Table 3 - Table 5. The control strategy refers to the traffic signal control strategy, 
while the algorithm refers to the control of connected vehicles or the traffic system through the use of 
traffic signal and connected vehicle information. 

Table 3. Summary of field trials using connected vehicles in fixed time traffic signal control. SPaT 
refers to Signal Phase and Timing. 

System I2V V2I Control 
strategy 

Algorithm Output Test 
environment 

Analysis Results 

Enlighten 
(Wilson, 
et al., 
2017) 

SPaT  Fixed 
time 

Unclear Time-to-
green  

Time-to-
red 

Indicator 
for passing 
while green 
or not 

New 
Zeeland, real 
traffic 
conditions 

Single 
vehicles 

Study on driver 
behavior and 
acceptance 

High malfunctioning 
rate leading to reduced 
reliance on the system 

17% of the drivers 
started to move before 
green when they had 
the information about 
time-to-green, resulting 
in an undesirable 
behavior. 

Eco-
speed 
control 

(Rakha, 
et al., 
2016) 

SPaT  Fixed 
time 

Optimization 
(Minimize fuel 
consumption) 

Optimal 
speed 
profile 
(sound, 
monitor or 
automatic) 

An isolated 
test stretch in 
U.S., no 
surrounding 
traffic 

Single 
vehicles 

Reduced fuel 
consumption for: time-
to-red 18.3%, speed 
recommendations 
27.7% automatic 
speed control 37.8% 

Reduced travel time 
for: time-to-red 4.1%, 
speed 
recommendations 
8.3% automatic speed 
control 9.3% 
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Table 4:Field trials using connected vehicles in actuated traffic signal control. Signal Phase and 
Timing (SPaT). 

System I2V V2I Control 
strategy 

Algorithm Output Test 
environ

ment 

Test 
objects 

Results 

EcoDrivin
g 
Assistant 
(Xia, 2014) 

 

SPaT 

 

 Fixed time Equations of 
motions and 
distance to 
preceding 
vehicle 

Optimal 
speed to 
avoid or 
minimize 
standstill at 
intersection 

3 test 
stretche
s in real 
traffic in 
U.S. 

Single 
vehicles 

10-25% reduced fuel 
consumption 
(increase for some 
scenarios) 

No reduction of 
travel time 

In-Vehicle 
Traffic 
Signal 
Advisory 
System 
(ITSAS) 
(Lee, et al., 
2017) 

SPaT  Actuated Equations of 
motions 

Green times 
are estimated 
based on 
historical data 

Recommend
ed speed 
interval to 
avoid or 
reduce 
standstill at 
intersection 

One test 
stretch 
in real 
traffic in 
U.S. 

Single 
vehicles 

Reduced travel 
times by 20-23% for 
three time periods 
for one day 

(Comparison data 
INRIX (travel times 
based on crowd 
sourcing, i.e. two 
different data 
sources, resulting in 
uncertainties in the 
comparison)  

Eco-
Approach 
and 
Departure 
(EAD) 
(Hao, et 
al., 2015) 

SPaT  Actuated Sinusoidal 
speed profile 

Estimated 
green and red 
times (lower 
and upper 
bound) based 
on historical 
and real-time 
data 

Recommend
ed speed 
interval to 
avoid or 
reduce 
standstill at 
intersection 
and avoid 
accel/deccel 

One test 
stretch 
in real 
traffic in 
U.S. 

Single 
vehicles 

5-24% reduction in 
fuel consumption   

Highest reduction at 
high traffic flows and 
low start speed. 

Personal 
Signal 
Assistant 
(PSA) 
(Bauer, et 
al., 2015) 

 

SPaT  Actuated Online signal 
state 
prediction (not 
described) 
using 
historical and 
real-time data 
and 
information 
about vehicle 
activation and 
traffic signal 
prioritization 

Time-to-
green 

Time-to-red 

5 test 
stretche
s in real 
traffic in 
China, 
German
y and 
U.S. 

Single 
vehicle 

Focus on estimation 
of time-to-green and 
time-to-red 

Maximum 1 seconds 
in error at shorter 
prediction time 
intervals  

Larger errors at 
prediction time 
interval larger than 
40 seconds. 

Table 5: Field trials using connected vehicles in adaptive traffic signal control. Signal Phase and 
Timing (SPaT). 

System I2V V2I Control 
strategy 

Algorithm Output Test 
environ

ment 

Test 
objects 

Results 

Buss-
prioriter
ing(Lee, 
et al., 
2017) 

 

SPaT 

UTC 

Adjusted 
time plan 

Adaptive 
based on 
V2I 
information 

 

Optimization 
(minimize total 
delay of traffic) 

Adjusted 
time plan 

Recomme
nded 
speed 

An 
isolated 
test 
stretch, 
no 
surround
ing 
traffic in 
the U.S. 

Single 
vehicles 

32-75% 
reduction in 
delay 

Queues and 
surrounding 
traffic will most 
likely reduce the 
time gains. 
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Concluding remarks from the field trials 

The communication channels differ for the tested systems. Common communication channels are 
Dedicated Short Range Communication (DSRC), mobile networks such as 3G/4G/LTE and cloud 
services. It is only adaptive connected traffic signal control that propose systems using connected 
vehicles both as receivers (I2V) and providers (V2I). Fixed time and actuated connected traffic signal 
control do exclusively use connected vehicles as receivers (I2V) to inform and control individual 
vehicles. The information received from the traffic signal (I2V) is processed through the Human-
Machine Interface (HMI), via sound and monitor, and automatic control is performed through control 
of the engine force. The information provided to the control algorithm used in the traffic signal (V2I) 
or used in the local control of individual vehicles are collected from GPS (position), in-vehicle 
dynamics (speed, acceleration, etc.) and sensors (distance to preceding vehicle, etc.). The traffic signal 
is using new infrastructure or use an add-on unit mounted on the existing infrastructure to incorporate 
connectivity. The information given from the traffic signal is Signal Phase and Time (SPaT). 
Additionally, Coordinated Universal Time (UTC) is communicated to allow for synchronization 
between the traffic signal and the connected vehicle local units. 

The studies have an entirely focus on improvement for the individual vehicles, i.e. traffic system 
improvements have not been investigated and the main goal of the connectivity is not to improve the 
situation on a traffic system level. The effects are mainly positive. However, most of the studies are 
uncertain due to one or more of the following testing conditions: no testing in real traffic conditions or 
only under ideal traffic conditions, no surrounding traffic, the algorithm and the traffic signal control 
strategy are fine tuned for the tested traffic scenarios, and few vehicles and drivers are included, hence, 
the effects of different shares of connected vehicles cannot be tested. 

2.3.3. Studies from the literature 
There are numerous studies on connected traffic signals in the literature. Many of them consider 
individual control by optimizing the vehicles movements towards the traffic signal, so called Green 
Light Optimal Speed Advisory (GLOSA). A literature review of previous GLOSA-studies has been 
performed by Mellegård and Reichenberg (2020) within the European funded NordicWay II project. 
The review covers articles from 2006 to 2019. In the review it is concluded that many of the studies 
are simulation-based. In most of the studies only the individual vehicle performance and not the traffic 
system performance is considered. Also, many of the studies assume 100% connected vehicles. The 
assumptions regarding the driver’s anticipation towards the speed recommendations and the driving 
behavior with GLOSA is based on assumptions which has not been verified against real data. 
Additionally, Jing, et al. (2017) present a comprehensive literature review of studies with connected 
vehicles in adaptive traffic signals. The adaptive traffic signal control strategies making use of 
connected vehicles can be divided into phase optimization-based methods, minimizing the delay for 
the vehicles, and queue-based methods, decreasing the queue length of vehicles at the intersections. 
The proposed algorithms are non-existing in real life and the optimization consider maximization of 
throughput, minimization of average waiting time/total travel time/number of stops/delay/deceleration, 
maximization of average speed, but also minimization of emissions and fuel consumptions are 
considered in some of the studies. Jing, et al. (2017) concludes that the algorithms proposed are often 
complex, computational heavy and sensitive to errors. Most of the studies assume 100% connected 
vehicles, but more recent studies do also consider lower shares of connected vehicles, as well as 
incomplete information due to loss of information due to communication issues.  

Since the focus in this project is on the evaluation on how connected vehicles can be incorporated in 
the current Swedish vehicle actuated traffic signal setting, these two very recent and comprehensive 
literature reviews on the subject connected traffic signals are believed to give enough insight to how 
connected traffic signals are delt with in the research communities. The main findings are summarized 
below. 
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Concluding remarks from the literature study 

The previously performed literature reviews shows that the tests in simulation environments are often 
based on a hypothetical network, with poorly calibration of the vehicle behavior models and no 
verification and implementation of the actual behavior and interactions with the proposed 
algorithm/system are included. The focus is often on the design of the proposed system or algorithm 
and less effort has been put on how realistic the implementation would be in an existing traffic 
environment. The studies with less than 100% connected vehicles are quite few and the effects on non-
connected vehicles are often not evaluated. The assumptions regarding communication, adaptation to 
the information, etc. are often ideal for the purpose of the proposed algorithm or system. 

2.4. The role of connected vehicles in Swedish traffic signal control 
This section is based on the discussions from the workshop performed on the 11th of June 2019 with 
experts in the area of traffic signal control in Sweden and the conclusions from the literature study. 

2.4.1. Swedish traffic signals in relation to the state-of-the art 
As concluded in the literature study, most of the existing connected traffic signals uses fixed time 
traffic signal control. The reason for this is that the main goal is to optimize the performance of 
individual vehicles by changing the speed or by informing the drivers about upcoming traffic signal 
status to increase awareness, optimize fuel consumption and reduce the number of stops at red light. 
To be able to give this information, the current and future traffic signal status must be certain, which is 
only possible when using a fixed time control strategy. Some studies considered actuated and adaptive 
control, but in that case the future traffic signal status must be predicted, and the timings given as a 
range, i.e. time-to-green is between 12 and 20 seconds. In Sweden, the green time extension method 
and the LHVORA-functions makes it hard to predict the future traffic signal status and it is only 
certain a few seconds, or even less, before switching to a new phase image. Safety and capacity are 
main motivations for selection of traffic signal control in Sweden. The safety motive dominates at 
intersections with lower traffic demand, although traffic signals with conflicts between turning 
movements and pedestrian crossings in the same phase may cause safety problems. Roundabouts can 
be an alternative in such cases if the available space allows this. Capacity is probably the main motive 
for facilities in urban environment with high traffic demand including pedestrians and cyclists, and 
lack of space for roundabouts. For safety applications in LHOVRA, such as variable yellow, it is 
crucial for the drivers to have correct information about the time to an upcoming switch, to make sure 
that the drivers are not endangered in any way.  

Also, as concluded in the field trial of Enlighten by Wilson, et al. (2017), 17% of the drivers started to 
move before the traffic light did turn to green when they knew a close by change was approaching. 
Hence, giving the information to drivers in advance might result in an undesirable behavior and 
possibly dangerous situations, as well as possibly law breaking. However, a Norwegian study by 
Aakre, et al. (2017) has indicated that it is possible to increase the throughput at intersections when 
vehicles are informed about an upcoming change to green, which indicate that this type of information 
can improve the traffic efficiency, and if not given to early probably without reducing the safety in the 
intersection. Therefore, I2V communication must be carefully considered in such situations and the 
time in advance when the information should be given has to be investigated. 

Finally, the information and recommendations given to individual vehicles and possibly also the 
control of individual vehicles based on the information might affect the behavior of the vehicles and, 
hence, the traffic flow. This in turn might influence the traffic signal settings in the next iteration (for 
actuated control, when checking for detection of vehicles and for adaptive control, when optimizing 
the traffic signal timings based on the new traffic situation). Therefore, one might come to a situation 
where the information and control is affecting the traffic signal timings and the traffic signal timings 
are affecting the control in an undesirable way. One way of solving this is to design the adaptive 
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traffic signal control in such a way that connected vehicle information and control is part of the 
controller. Another way is to only give information when it is certain and/or reduce the possibility to 
prolong the green and red times, similar to a fixed time control for some parts of the actuated control 
strategy.   

2.4.2. Findings from the workshop 
This section summarizes the findings from the workshop. The purpose with the workshop was to 
discuss the Swedish traffic control strategy and its functions and identify how, and if, connected 
vehicles can contribute to improve traffic efficiency and/or safety (without reducing existing safety 
level). Both overall findings and identified possible improvements by using connected vehicles in the 
green time extension method and the LHVORA-functions are included. 

Overall findings and notes on connected traffic signals in general 

• By tracking vehicles and observing its speeds, it is possible to estimate densities and queues 
for each approach in the intersection. By using the queue lengths of each approach in the 
intersection it is possible to improve how the green times should be distributed between the 
approaches. It is also possible to prioritize critical approaches where there is a risk that the 
queues are growing and blocking adjacent road networks. 

• If individual vehicle routes can be specified, info about turns can be given. It might also be 
possible to get turning movements through indicators from the turning indicator inside the 
vehicles to identify turning movements. This can be used to further optimize green times for 
turning movements, which often are a source to secondary conflicts. If these secondary 
conflicts can be reduced or concentrated to a shorter green time periods it can possibly 
increase the traffic efficiency of the intersection. 

• Connected vehicles can be used instead of detectors. However, for safety functions, accuracy 
and a high share of connected vehicles are important. The smallest possible share of connected 
vehicles should increase the closer you get to the intersection in terms of detectors, ie. at lower 
shares of connected vehicles it is possible to remove detectors far away from the intersection 
and the closer you get to the intersection, the higher the share of connected vehicles needs to 
be in order to remove detectors. The detector closest to the intersection, D10 in Figure 4, 
should only be removed at a 100%-share connected vehicles to avoid collisions in the 
intersection. 

• If Signal Phase and Timing (SPaT) are communicated to the vehicles, it should include a min 
and a max, and an estimate of time-to-green/time-to-red, together with a percentage that 
indicate how reliable the estimate is. A time horizon of longer than 10 seconds is not 
necessary since the decisions are usually based on shorter time intervals. 

• Control, both from the traffic system perspective and from the individual perspective, are 
needed. For example, bus priority and safety applications should probably consider the 
individual perspective. 

• Advice to drivers in the form of information on the display or telephone can lead to 
distraction, which in turn might result in reduced safety. 

• There may be a risk that different vehicle manufacturers give different advices also for the 
same application, such as for example GLOSA, depending on the implemented algorithm in 
the in-vehicle system. 

• Geofencing with lower speeds at intersections could be used to control connected vehicles 
based on the traffic signal control strategy and thereby optimize the traffic system 
performance. 
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• Traffic signals used for pedestrian and cyclist crossings may have the potential to include 
information from connected vehicles. Information about vehicle arrivals can be used to 
indicate when pedestrians should get green. Another idea could be for the pedestrians and 
cyclists to notify its arrival and route before arriving at the intersection. In that way, the 
intersection could even be optimized for pedestrian and cycle flows instead of vehicle flows. 

Below is the summary of the identified situations when connected vehicles can be useful in Swedish 
traffic signal control using green time extension and LHOVRA. The focus is on using connected 
vehicles as providers (V2I), however, one application (not related to any of the traffic signal functions) 
is included. The reason is because it is believed to have a great potential to improve the traffic 
efficiency for the traffic system based on the findings from previous research by Aakre, et al. (2017). 

Green time extension method 

• It is possible to detect vehicles through information about its position and to follow the 
movements towards the intersection in more detail than if stationary detectors are used. 

The L-function 

• It is possible to detect trucks (or other prioritized vehicles) through information about its 
position. The detection can be done far away from the intersection and it is possible to follow 
the movements towards the intersection in more detail than if stationary detectors are used. 

• It is easy to make the L-function work with connected vehicles. If you announce your 
arrival/share your position you have the possibility to receive green at the intersection. 

• It might also be possible to follow and priorities platoons of trucks. This can be of importance 
for intersection with many heavy goods transports. 

• For bus prioritization: a bus stop close to the intersection can increase the uncertainty of a bus 
arrival. 

• It might also be important to notify when the prioritized vehicle has left the intersection to 
reduce the green time needed for the prioritization. 

The H-function 

• Like the H-function but for all vehicles on the main road. If you announce your arrival/share 
your position you have the possibility to be prioritized at the intersection. 

• If there is an indication that there are only few connected vehicles on the main road but queues 
on other approaches, an idea could be to not use prioritization.  

• An idea could be to distribute the green time based on incoming traffic (estimated from 
connected vehicle information). 

The O-function 

• Information about acceleration, deceleration, constant speed can be used to decide how to, and 
if, the green time should be extended. Note that this could potentially lead to learning-effects, 
i.e. if I accelerate, I will receive green at the intersection. 

• For this function it is important with a high share of connected vehicles to avoid the risk of not 
detecting vehicles in the decision area, i.e. the area where the vehicles decide if they should 
accelerate to possibly pass before red or decelerate to avoid driving against red. One idea 
could be to use the connected vehicle information possible and regular vehicles are detected 



 

VTI rapport 1071A  29 

with stationary detectors use the original O-function, with safety margins, if the detectors and 
the connected vehicle information allow for such separation. 

The V-function 

• No direct benefits with using connected vehicles was found since safety is important for this 
function and uncertain detection will lead to high risk situations that are endangering safety. 

• If it is possible to differentiate between connected and non-connected vehicles at stationary 
detectors there might be a potential to reduce yellow times when no regular vehicles are 
detected and connected vehicles indicate to stop at the stop line at yellow.  

• If SPaT is given to connected vehicles reduction of yellow times might not be used due to 
uncertain time-to-green predictions when this function is used.  

The R-function 

• If it is possible to have a good positioning of connected vehicles it can be guaranteed that all 
vehicles have left the intersection before changing to green for other approaches. However, 
this requires that all vehicles are connected. 

• This function could possibly be used for intersections with poor visibility or to guide long 
vehicles out of the intersection. 

The A-function 

• No direct benefits with connected vehicles. 

• Possibility to detect vehicles far away from the intersection for all approaches. This 
information can also be used to decide which intersection that should get green first. 

• At higher shares of connected vehicles, it is possible to exclude detectors. 

Additional (I2V) 

• Notification of turning to green to increase awareness when switching from red to green and 
thereby the throughput for green time periods can be increased. Field studies on increased 
awareness at switches from red to green has showed that reaction times and time-gaps are 
reduced, leading to increased saturation flow.  
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3. Simulation-based evaluation 
The simulation tool SUMO – Simulation of Urban MObility (Lopez, et al., 2018) is used for the 
simulation-based evaluation. SUMO is an open-source traffic simulator and has the possibility to 
access and control both the traffic signal status and individual vehicles in the simulation through its 
Traffic Control Interface (TraCI), why it is deemed suitable to model the Swedish traffic signal control 
and the information flow to and from connected vehicles in the simulation. The goal with the 
simulation-based evaluation is to design a generic model of this type of intersection in Swedish traffic 
conditions to conclude on general impacts of the inclusion of connected vehicles in Swedish traffic 
signals. Many of the LHOVRA-functions are included in traffic signals in sub-urban isolated 
intersections with a speed limit of 70 km/h on the main road, why the geometric design and the control 
scheme of the traffic signal is taken from an intersection in Stockholm, that is representative for the 
studied type of intersection. Since the goal has not been to model a specific intersection, most of the 
calibration work related to vehicle behavior and traffic flow characteristics are based on assumptions 
and estimations from previous studies on similar intersections. The simulation-based evaluation 
includes three important steps: 

1. Calibration of the simulation model to reflect real-world traffic and vehicle behavior in for a 
typical Swedish intersection in a sub-urban area with the speed limit of 70 km/h on the main 
road. This includes an implementation of the green time extension method and the LHOVRA-
function that corresponds well with the existing the traffic signal control in the modelled 
intersection. 

2. Well-motivated choices of the connected vehicle functionalities in the existing traffic signal 
control. 

3. Evaluation of the connected vehicle functionalities and comparison to a base case. 

In the simulation the access to information from detectors and connected vehicles, and the control of 
the traffic signal and the connected vehicles are performed at time steps of 0.1 seconds. The 
calibration of the simulation model is described in sub-section 3.1, including a description of use case, 
the data, the measurement of performance used in the calibration, the sensitivity analysis and the 
implementation of the traffic signal control logic. Sub-section 3.2, 3.3 and 3.4 include a description of 
the investigated scenarios, together with a description of the modelling approach of connected vehicles 
in SUMO, and the results from the evaluation. 

3.1. Calibration of the base simulation model 
Calibration is an essential part of microscopic traffic modeling and the goal is to mimic the prevailing 
traffic conditions at the study area. A microscopic traffic model consists of core mathematical models 
that model vehicle interactions and movements in the road network on an individual level. Both the 
car-following and the lane-changing behavior is modelled for individual vehicles based on 
assumptions on behavior for the specific type of vehicle. Examples of specific parameters to describe 
car-following behavior of individual vehicles are speed distribution, time-gap, acceleration and 
deceleration abilities and parameters such as cooperation abilities, desire to gain speed at lane-change, 
strategic lane-changes, etc. to describe lane-changing behavior of individual vehicles. Further, 
phenomenon like traffic signal control, detector functionalities, etc. are designed through 
programming within the simulation framework to mimic the functionalities in real world conditions. 
The aim of the calibration process is to find parameter values of the core mathematical models that 
results in a representative model (Bång, et al., 2014), as well as, to design the traffic signal control 
strategy and the detector functionalities as realistic as possible. Hence, the simulated intersection 
should include the following requirements: (1) the intersection should handle large traffic volumes 
during peak-hours, (2) at least the investigated LHOVRA-functions (with respect to connected vehicle 
functionalities) should be implemented in the traffic signal control, (3) the intersection should 
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represent a standard intersection on a larger road stretch with the speed limit of 70 km/h. Given the 
requirements of the intersection design, Huddingevägen/Lännavägen in Huddinge kommun in 
Stockholm, was chosen. See Figure 7 for an overview of the chosen intersection. Since the goal is to 
have a representation of a standard intersection on a larger road stretch with the speed limit of 70 
km/h, only the geometric design and the traffic signal settings are taken from the chosen intersection. 
To have a general representation of the intersection the saturation flow levels, speed at turnings, speed 
distributions, etc. are based on previous extensive field trials of similar intersections. The demand 
levels are varied in the simulations to evaluate the performance of the different scenarios at different 
traffic conditions. 

3.1.1. Data 
The collection of traffic data was not part of this study and in order to have a general representation of 
the intersection the calibration of the intersection is based on previous field-studies and, studies and 
information conducted by the Swedish Transport Administration, such as Aakre, et al. (2017), Bång, et 
al. (2014), Forsman and Greijer (2017), Trafikverket (2004) and Trafikverket (2004). The information 
from these studies has primarily been used to construct a generic model for intersections with similar 
road geometry and traffic signal settings to the intersection in Huddingevägen/Lännavägen presented 
in Figure 7, hence assumptions regarding composition of vehicles, speed at turnings, saturation flow 
rates, etc are based on well-justified assumptions from previous extensive field trials. The assumptions 
and the motivations to the assumptions are presented below. 

The traffic signal control  

The traffic signal control in the intersection is implemented by making use of the available documents; 
signalanläggningsplan and detektorfunktioner describing the intersection, detector locations and the 
included functions (the green time extension method and the LHOVRA-functions); spärrmatriser 
giving information about the minimum red times required for conflicting traffic flows to guarantee a 
safe evacuation of the intersection during changes in the traffic signal control and relationshandling to 
show how the signal groups relates to each other. Apart from the green time extension method, the 
included LHOVRA-functions in the chosen intersection are H, O, V and A. However, due to 
limitations in the scope of the project only the functions included in the evaluation of connected 
vehicle functionalities have been implemented and verified in detail. 
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Figure 7. The intersection (Huddingevägen/Lännavägen). (Photo: Imagery ©2021 
Lantmäteriet/Metria,Maxar Technologies Map data ©2021 Sweden). 

The traffic flows 

The traffic signals similar to the one at Huddingevägen/Lännavägen serves several different modes of 
transport, car, truck, bus, bicycles and pedestrians. To isolate the effects to how the use of connected 
vehicles functionalities will impact the current traffic signal control, only cars and trucks are modeled. 
The modeled vehicle fleet consists of 12% heavy vehicles and 88% passenger cars, in agreement the 
composition of vehicles in the vehicle fleet on a national level according to Trafa (2020).  

Since the goal is to have a generic model to be able to conclude on important aspects affecting the 
performance of introducing scenarios with connected vehicles in this type of intersections, the 
completed model must be run over several demand levels. However, observations of traffic demand 
for the different approaches, available from March 2002, even though the data is rather old it can be 
used to get an indication of the turning rations at the intersection. It is assumed that the turning ratios 
observed in 2002 are still valid and gives representative turning ratios for similar intersections with a 
main road with a speed limit of 70 km/h and two side roads. The observations from 2002 shows that 
some routes at the intersection have a demand of less than 20 vehicles per hour. It is assumed that the 
demand from these routes is still small in proportion to the other routes, why they are excluded from 
the calibration due to the small impact it is assumed to have on the remaining traffic. This results in 
that left-turning from the western approach and traffic approaching from the north direction is 
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excluded from the calibration. The remaining routes are shown in Figure 8: Highlighting the traffic 
flows that are excluded from the calibration.  

 
Figure 8: Highlighting the traffic flows that are excluded from the calibration. 

A direct consequence of this simplification is that no secondary conflicts arise for the different main 
phase images given in the document relationshandling, i.e. the saturation flow is not affected by 
intersecting traffic. The turning ratios for the routes included in the calibration are assumed to still be 
valid even though the observations are from 2002.  

Individual vehicles 

Since detailed data for extracting parameter values in the driver model are not available, the 
assumption of the parameter values in the vehicle models are based on previous studies. Two types of 
vehicles are modelled, personal cars and trucks. The assumed length of the vehicles in the simulation 
are based on previous studies for two of the most commonly observed vehicle types in Sweden 
(Bernhardsson and Grumert, 2020), resulting in the length of 5 and 10 meters on average for personal 
cars and trucks, respectively. The desired speed of individual vehicles in SUMO, is modelled by 
assigning a speed compliance factor to each vehicle based on an assumed speed distribution. The 
speed distribution of the vehicles is based on the investigations by Forsman and Greijer (2017) and 
Olstam and Bernhardsson (2017).  The resulting speed factor and variance is 0.97 and 0.17, 
respectively. The desired deceleration rates of trucks and cars are estimated based on values proposed 
by Bokare and Maurya (2017) resulting in a desired deceleration rate of 1 and 3.18 𝑚𝑚/𝑠𝑠2 respectively. 
Individual vehicles in the intersection are treated separately because vehicles tend to slow down and 
drive slower when passing the intersection and especially during turning movements. Vehicles that are 
going straight ahead in the intersection are assumed to have a speed equal to the average of the speed 
limits on the previous and next road stretches (adjusted to their individual desired speed based on the 
speed compliance factor). For turning vehicles, the following relation is used 

𝑣𝑣 =  �𝑟𝑟 ∗ 𝑓𝑓, 

Equation 1. The equation calculates the individual desired speed of turning vehicles in an intersection 
as a function of the square root of the turning radius r and a scaling parameter f. 

where 𝑣𝑣 is the speed limit (m/s), 𝑟𝑟 is the turning radius and 𝑓𝑓 is a scaling parameter. To mimic the 
delay that occurs for turning vehicles, the scaling parameter 𝑓𝑓 has been adjusted to correspond to the 
relation between right-turning traffic and speed as presented in Figure 9. The relation has been studied 
in Bång, et al. (2014). For left turning and straight going traffic Bång, et al. (2014) presents fixed 
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values set to 20 and 10 km/h respectively. However, using these values in the model resulted in an 
unrealistic behavior of vehicles. Thus, it is assumed that the relation for right-turning traffic also apply 
to left-turning traffic. 

 
Figure 9. Geometric delay at turnings according to Bång, et al. (2014) and for the calibrated SUMO 
model. 

3.1.2. Measure of performance 
An important performance measure used in the planning and the evaluation of existing traffic signal 
control strategies are the saturation flow, why this has been used as the main performance indicator in 
the calibration process. The saturation flow is defined in the Highway Capacity Manual (2010) as the 
number of vehicles per lane that can pass a signal-controlled intersection and is calculated based on 
Equation 2. An alternative definition is presented in Bång, et al. (2014) as the highest possible number 
of vehicles per lane that can pass an intersection for one hour, under saturated stationary traffic 
conditions at a green signal. 

𝑠𝑠 = 3600
ℎ

, 

Equation 2. The equation is calculating the saturation flow in vehicles per hour by dividing 3600 with 
the time headway, where the time headway is given in seconds. 

where 𝑠𝑠 is the saturation flow (veh/h) and ℎ is the time headway (sec). Saturation flow measurements 
representative for the studied type of Swedish intersections have are not available, however, standard 
values are presented in previous extensive field studies, see for example Bång (1978), Trafikverket 
(2013) and Kronborg (2008). Recommended baseline values for intersections without secondary 
conflicts and for the considered type of intersections are presented in the Matsis project (Kronborg, 
2008), and are therefore deemed suitable for the calibration of the simulation model, see Table 6. 
Observe that since secondary conflicts have been removed from the calibration, due to the limited 
flows for these routes. This is a simplification that possibly can have some limited effect on the 
results, especially if the demand for these routes is higher than the once observed 2002. 
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Table 6. Baseline values for saturation flows from the Matsis-project (Kronborg, 2008). 

 An approach with one lane An approach with two lanes 

 Straight Straight + 
turning 

Turning Straight Turning 

Saturation flow (no 
pedestrians or bicyclists) 1800 1650 1500 3500 2700 

 
The calibration is performed using the values for an approach with two lanes for the western and 
southern approaches. Since the saturation flow partly depends on the proportion of turning traffic, the 
saturation flow should end up within the range [2700, 3500]. The eastern approach is calibrated in a 
similar way, using the same values for straight-going traffic. Although, since there is also a third lane 
that is served, the route from east to south includes only left turning vehicles, this is calibrated 
separately using an approach with one lane and turning traffic.Figure 10 show the three phase images 
used in the traffic signal control and Table 7 shows the routes that are calibrated in each phase. 
 

 
Figure 10. Phase images used for the traffic signal control in the studied intersection at 
Huddingevägen/Lännavägen. 

Table 7. Routes that are calibrated in each phase.  

Phase Route 

1 West to East, West to South, East to West, Est to North 

2 South to West, South to East 

3 East to South 

For calibration purposes the traffic signal was set to a fixed traffic signal scheme with one phase where 
the green time for the phase was set to 45 seconds and the total cycle time was set to 118 seconds, i.e. 
red time of 118-45 seconds, to allow queues to build up. The saturation flow in the simulation is 
calculated in accordance with the definition by the Highway Capacity Manual (2010), where the first 
four vehicles in a queue are removed from the calculations due to their inconsistency in headway with 
the rest of the vehicles in the queue, an example of this is illustrated in Figure 11. The saturation 
headway between vehicles is measured at a cross-section over the stop line. The average saturation 
headway is then used in accordance with Equation 2 to calculate the saturation flow. Each built up que 
will give an hourly saturation flow and the average saturation flow is calculated as shown in Equation 
3, where 𝑥𝑥 is saturation flow of queue 𝑖𝑖, 𝑛𝑛 is the number of queues, and 𝑆𝑆̅ is the average saturation 
flow.  
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𝑆𝑆̅ =  
1
𝑛𝑛

 �𝑥𝑥𝑖𝑖 

𝑛𝑛

𝑖𝑖

 

Equation 3.The equation is calculating the average saturation flow as the sum of the saturation flow of 
individual queues divided by the number of included queues. 

 
Figure 11. Example of time headway between vehicles at a traffic signal highlighting the four first 
vehicles.  

3.1.3. Sensitivity analysis 
The sensitivity analysis constitutes the basis for the calibration of the simulation model. The purpose 
of the sensitivity analysis is to show how different parameter values in the driver model affect the 
saturation flow, which result in a good-enough set of parameter values by comparing to the saturation 
flow from the simulation model with the saturation flows presented in Kronborg (2008).  

For the sensitivity analysis, three parameters have been selected that are assumed to have the greatest 
impact on the saturation flow, a brief description of them can be seen in Table 8. For more detailed 
descriptions see SUMO homepage (2020). 

Table 8. Calibrated vehicle parameters in SUMO and a description of their interpretation. 

Parameter Description Unit 

tau Describes a drives desired time gap to its leader. The 
distance is calculated from the leader’s rear bumper to the 

drivers own vehicles front bumper. 

Seconds (s) 

minGap Minimum distance to the leader in standstill traffic Meter (m) 

acceleration Acceleration ability of the vehicle Meter per square second (m/s2) 

Initial values for tau, minGap and acceleration is based on a previously calibrated model in the project 
Future Motorway Traffic Control in Stockholm funded by the Swedish Traffic administration 
(Bernhardsson and Grumert, 2020). Although there are obvious differences between the studied areas, 
such as road type and vehicle composition, the values in the motorway control project can be used as a 
starting point in the sensitivity analysis to reflect realistic starting values for the calibration. In this 
way the initial values describe a parameter setting for Swedish conditions, but also how the values 
relate to each other between vehicle types. Table 9 (upper part) shows initial values for tau, minGap, 
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acceleration, and how they differ from the default values. Table 9 (lower part) shows other parameters 
in the driver model where assumptions have been made based on results from Bernhardsson and 
Grumert (2020) and Bokare and Maurya (2017), remaining parameters not shown in Table 9 are set to 
their default values according to SUMO homepage (2020). 

Table 9. Parameter settings for SUMO's car-following and lane-changing models, only values 
changed from default values are included. For default values see (SUMO homepage, 2020). 

Parameter Driver model Assigned parameters Default 

Included in the sensitivity analysis 

  Car Truck Car Truck 

Tau Krauss 1.5 2 1 1 

minGap Krauss 1 1 2.5 2.5 

Acceleration  Krauss 1.6 0.6 2.6 1 

 

Parameter Driver model Assigned parameters Default 

Other adjusted parameters based on previous studies 

Deceleration Krauss 3.18 1 4.5 4 

Sigma Krauss 0.8 0.8 0.5 0.5 

Vehicle length Krauss 5 10 5 7.5 

lcStrategic LC2013 1.1 1.1 1 1 

To investigate how the saturation flow relates to changes in the parameters in Table 9 (upper part), tau 
and acceleration have been adjusted in steps of 10% in the interval [-0.5, 0.5] relative to their original 
value, while the parameter minGap has been adjusted in steps of 0.5 m from 1 - 2 meters, per lane. 
This process has been repeated for several levels of demand and have been carried out for the western 
approach. 

The result from the sensitivity analysis is illustrated in Figure 12-Figure 17. Each figure shows how 
the saturation flow is affected by a change in one of the three parameters in Table 9 (upper part) for a 
fixed demand level and a specified lane. Lane 1 is defined as the utmost right lane in the western 
approach and lane 2 the lane in the middle, lane 3 is not included due to the low flow levels, as 
mentioned in Section 3.1.1. Each of the three subfigures in a figure with a fixed demand level 
illustrates the results at a fixed value for the minimum gap parameter. Last, each line/graph in a 
subfigure represents a desired acceleration level and the average saturation flow is shown as a function 
of different values of tau. The shadows on each graph are illustrations of a 95% confidence interval.      

The figures show a clear trend for both tau and acceleration where a lower tau value gives a higher 
saturation flow and in the same way an increased acceleration value also gives a higher saturation 
flow. Even though, the minGap parameter has some effect on the saturation flow, this is not as distinct 
as for tau and the acceleration. Hence, the focus will be on obtaining reasonable values for the 
parameters tau and acceleration. 
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Figure 12. Results from the sensitivity analysis for the Western approach and lane 1 at a demand of 
1000 veh/h. The average saturation flow for different numbers of relative difference in acceleration 
and tau is presented for a min gap of 1, 1.5 and 2 meters. 

 
Figure 13. Results from the sensitivity analysis for the Western approach and lane 2 at a demand of 
1000 veh/h. The average saturation flow for different numbers of relative difference in acceleration 
and tau is presented for a min gap of 1, 1.5 and 2 meters. 
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Figure 14. Results from the sensitivity analysis for the Western approach and lane 1 at a demand of 
1200 veh/h. The average saturation flow for different numbers of relative difference in acceleration 
and tau is presented for a min gap of 1, 1.5 and 2 meters. 

 
Figure 15. Results from the sensitivity analysis for the Western approach and lane 2 at a demand of 
1200 veh/h. The average saturation flow for different numbers of relative difference in acceleration 
and tau is presented for a min gap of 1, 1.5 and 2 meters. 
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Figure 16. Results from the sensitivity analysis for the Western approach and lane 1 at a demand of 
1250 veh/h. The average saturation flow for different numbers of relative difference in acceleration 
and tau is presented for a min gap of 1, 1.5 and 2 meters. 

 
Figure 17. Results from the sensitivity analysis for the Western approach and lane 2 at a demand of 
1250 veh/h. The average saturation flow for different numbers of relative difference in acceleration 
and tau is presented for a min gap of 1, 1.5 and 2 meters. 
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In addition to the saturation flow at specific parameter settings, it is also illustrated when the flow is 
considered to be oversaturated, which is defined here as when more than 12 queues has not been 
resolved during a green time period during the simulation. This gives an indication that the model is 
close to collapse, given the current parameter setting and demand, as illustrated by the red data points 
in Figure 12 -Figure 17. 

The results from the sensitivity analysis shows that a few parameter values have the potential to be 
used in the calibrated model. The other once are giving a saturation flow below or above the 
acceptable range. A small set of parameter combinations was selected for verification against the 
remaining approaches. After an additional adjustment of the parameter tau, a final set of parameter 
values was found, that fulfills the requirement to recreate saturation flows at each approach that are 
comparable to the values presented in Table 6. 

The results from the calibration for each approach and phase are presented in Figure 18. For all phases 
and demand levels, a 95% confidence interval is obtained that overlaps the interval given by the base 
values, given in Table 6. Higher demand levels than those indicated in each subfigure gives an 
oversaturated traffic flow, with a high probability of a traffic breakdown. 

 
Figure 18. Saturation flow at each approach with the final set of parameters over different demand 
levels. Base value refer to the observed saturation flows from the Matsis-project (Kronborg, et al., 
1997) and consider the different designs of the included approaches. 

3.1.4. Implementation and verification of the green time extension method and 
LHOVRA 

In the traffic signal control in the SUMO model, detectors are implemented as in the document 
Signalanäggningsplan. The detectors are used to provide information to one or more of signal groups 
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controlled by the green time extension method and the LHOVRA-functions as described in Section 
2.2.1. An overview of the intersection and the included detectors are given in Figure 19. 

 
Figure 19. The intersection as it is modelled in SUMO with detectors (yellow and turquoise 
rectangles).  

Within each time-step in the simulation, the green, yellow and red times are calculated for each signal 
group based on the information from the detectors, together with the current traffic signal status of the 
signal groups. The green time extension method and the LHOVRA-functions are implemented in 
python code in accordance with the descriptions in Trafikverket (2004) and Trafikverket (2004), 
together with the available information in the documents from the intersection 
Huddingevägen/Lännavägen. Detektorfunktioner and Relationshandling is used to include information 
about parameters setting in the green time extension method and the included LHOVRA-functions and 
spärrmatriser is used to include information about the required red times. Currently, the green-time 
extension method and the H-function is included, and sufficiently verified, in the implementation. The 
O-, V- and A-functions are not included due to its expected limited effect in the investigated scenarios.  
Within a time-step in the simulation SUMO’s Traffic Control Interface is used to perform the 
following actions: 

1. Check the status of the detectors. 

2. Check the status of each signal group (green-yellow-red), including information about earlier 
conflicts, i.e. information on if the traffic signal group is going to change in a later time-step. 

3. Update the status of each signal group based on the status in 2 and the information from the 
detectors. Possible future conflicts are solved within this step by confirming that no 
conflicting signal groups are assigned green at the same time. 

4. Assign the updated traffic signal status (green-yellow-red) to each signal group. 

5. Perform a simulation step. 
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The traffic signal settings have been evaluated through visual inspection using SUMO’s graphical 
interface to check the traffic signal status, as well as output in the form of relations between the 
detector functions during the simulated time, similar to what is included in the document 
relationshandlingar. Figure 20 gives an example of an output showing the relations between signal 
groups from the simulation. The verification has been performed for different demands and by 
including traffic from one approach at the time and from several approaches together. The goal with 
the implementation of the traffic signal control strategy is to have an implementation that is a close as 
possible to an actual implementation of the existing traffic signal control strategy in 
Huddingevägen/Lännavägen. The resulting implementation are satisfactory in the way that it is 
working as intended for the verifications performed in this study. Additional verifications of the 
functions can be performed to increase the representability of the traffic signal control strategy. 
However, the current settings are believed to give a good enough representation of the traffic signal 
control settings in the simulated intersection for the intended purpose of this study, which is to 
evaluate connected vehicle functionalities in some of the functions.  

 
Figure 20. Example of output showing the relations between the signal groups, including rest green 
(darker green). Variable green from the O-function has not been included in the traffic signal control 
strategy. 

Finally, the green time extension method is compared to a fixed time signal control with the green, 
yellow and red times as the max times given in the green time extension method. This is done to check 
that the traffic performance using an actuated control strategy gives expected results compared to a 
fixed time control. Hence, the goal has not been to compare the fixed time control with the green-time 
extension method and the focus has not been on optimizing the parameters of the fixed time control. 
The expectation is that the actuated control strategy should outperform the fixed time control, in terms 
of delay, at low and medium demand levels. At high traffic demand levels the fixed time controller are 
known to perform better, in terms of delay, than an actuated traffic controller. The reason for this is 
that the cycle time at fixed time signal control is determined according to (Webster, 1958) to minimize 
mean delay at the given traffic demand. Higher cycle times which normally occur at traffic actuated 
control during heavy demand increase average delay (Bång and Nilsson, 1976). As can be seen in 
Figure 21 for cars and Figure 22 for trucks, the green time extension method and the LHOVRA-
functions outperform the fix time control in terms of delay. The empirical cumulative distribution 
function shows a larger share of lower delays with the green time extension method and the 
LHOVRA-functions for most approaches and demands. Especially, on the main road where the H-
function is included in the actuated control strategy, but also due to that the green times are allocated 
according to the current traffic conditions instead of using fixed time intervals. For the south approach 
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and for right-turning traffic, the actuated and the fixed time control strategy are comparable or in some 
cases even worse than the actuated control strategy at lower delays already at low and medium 
demand levels. This is probably due to that the south approach does experience high traffic flows 
already at low and medium demand levels when the fixed time control is assumed to perform better in 
terms of delay. However, for the other approaches the traffic flows might not reach capacity levels and 
thereby the expected improved performance in terms of delay using fixed time control is not visible. 

As a conclusion, the green time extension method and the LHOVRA-functions behaves as expected in 
comparison to the fixed time control strategy in terms of delay and no further verifications are 
believed to be required. 

 
Figure 21. Empirical cumulative distributions over car delay at each approach and three demand 
levels (low, medium, and high). The results include delay for all phases for the west, south and east 
approach. The north approach has been excluded due to previously mentioned simplifications.  
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Figure 22. Empirical cumulative distributions over truck delay at each approach and three demand 
levels (low, medium, and high). The results include delay for all phases for the west, south and east 
approach. The north approach has been excluded due to previously mentioned simplifications. 

3.2. Scenario 1: Heads-up green 
Heads-up green aims to give vehicles that are standing at a red traffic signal a notification about the 
upcoming change to green. The heads-up green has the potential to increase the reaction time of the 
drivers by earlier reactions to shift from red to green and thereby an earlier and faster start from 
standstill. The main benefit of the decreased reaction time is an increased throughput, leading to an 
increase in the saturation flow of the intersection. 

3.2.1. Simulation-based evaluation of heads-up green 
To evaluate the heads-up green, the reaction time, i.e. the time it takes for the drivers to react on a 
change from red to green, with and without heads-up green is applied to the individual drivers. In a 
previous field study by Aakre, et al. (2017), the change in driver behavior and reaction time was 
studied when the drivers were instructed to drive as efficiently as possible through an intersection 
without compromising safety. This can be compared to the heads-up green, where the drivers are 
assumed to get information about changes and thereby have the possibility to react faster and more 
efficient on a change. According to the study the average headway was reduced from 1.7 seconds to 
1.1 second and the average reaction time was reduced from 0.8 to 0.6 seconds because of the more 
efficient driving style. These results are used to model drivers with and without heads-up green. 

To model the behavior during heads-up green, it is assumed that the connected vehicles located 0-85 
meters from the intersection and with a speed of 3.6 km/h or less at the change from red to green is in 
a queuing condition. The time headway and the reaction time for all queuing connected vehicles has 
temporarily changed to reflect a more efficient driving style. Non-connected vehicles do not change 
their time headway and reaction time and thus have a slower reaction to predecessors that starts to 
move. After passing the intersection the parameters are changed back to its original values. Observe 
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that this means that it is only in the intersection the behavior is changed and only at a change from red 
to green and for queueing vehicles. The time headway can be defined as tau plus the vehicle length 
transformed into seconds, where tau is a parameter in the car-following model. Surprisingly, the time 
headway in the calibrated simulation model this corresponds well with the 1.7 seconds as given in the 
study by Aakre, et al. (2017). Hence, the desired time headway without heads-up has not been changed 
since it corresponds well with the calibrated model. The reaction time is measured in the simulation by 
the time it takes from a shift to green until the drivers reacts, indicated by a speed higher than 0 km/h. 
In the same way, also the reaction time is close to 0.8 seconds for the calibrated simulation model. 
Aakre, et al. (2017) has observed that a change in the reactions time is the result of increased 
acceleration at the shift from red to green. Hence, to adjust the reaction time so that it matches a 
reduction of 25% in accordance with Aakre, et al. (2017) , the  acceleration has been increased in the 
simulation model and tau has decreased. The adjustment of tau corresponds to the headway similar to 
the one observed for the more efficient drivers, while at the same time considering the 25% reduction 
in reaction time. 

To investigate how heads-up green affect the traffic system the saturation flow has been investigated at 
different shares of connected vehicles.   

 
Figure 23. Average saturation flow per lane and for different shares of connected vehicles for all 
approaches. 

Figure 23 depict the average saturation flow per lane and different shares of connected vehicles in 
each approach in the intersection. Lane 1 is considered the utmost right lane in an approach, followed 
by lane 2 and 3. Observe that headways and reaction time changes for heavy vehicles are not available 
in the study by Aakre, et al. (2017), why the vehicle composition is altered to only consist of cars in 
the simulations, as well as increasing the traffic demand in order to ensure a saturated traffic condition, 
where a heads up green functionality is investigated. From Figure 23, it can be concluded that the 
saturation flow increases at every lane and approach as a larger share of vehicles gets information 
about when the traffic light is switching from red to green.  
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As the absolute numbers can be misinterpreted due to the changes in traffic composition the percental 
increase is used to get an indication on the expected magnitude of the potential improvement. Table 10  
shows the percental increase of the saturation of flow on the lanes in comparison to the baseline.   

Table 10. percental improvement of the average saturation flow at different shares of connected 
vehicles. 

Approach Lane 25% connected 
vehicles 

50% connected 
vehicles 

75% connected 
vehicles 

100% connected 
vehicles 

West   Lane 1 ~2% ~4% ~7% ~10% 

West Lane 2 ~2% ~4% ~6% ~10% 

East  Lane 1 ~3% ~7% ~9% ~15% 

East Lane 2 ~2% ~4% ~8% ~12% 

East Lane 3 ~3% ~8% ~10% ~13% 

South Lane 1 ~3% ~7% ~10% ~12% 

South  Lane2 ~2% ~5% ~9 ~13% 

Figure 23 shows that significant improvements in the saturation flow at the intersection are observed 
when around 75% of the vehicles are getting information about a switch from red to green light. At 
these levels of connectivity, the saturation flow increases with approximately 6-10%, and at 100% 
connectivity the relative improvement in relation to the baseline is between 10 – 15%, which 
somewhat lower than in the studies by Aakre, et al. (2017), where a 20% improvement of the 
saturation flow were observed. However, the drivers compare with normal saturation flow rates in 
Trondheim, which is around 1800 veh/h, meanwhile their field trial only includes personal cars. 
Hence, the higher improvements observed in Aakre, et al. (2017) can possibly be explained by the fact 
that we have only considered personal cars, both as a baseline and for different shares of connected 
vehicles, whereas  Aakre, et al. (2017) have compared the normal saturation flow, very likely to 
consist of different vehicle types (including trucks that are known to affect the saturation flow 
negatively compared to personal cars), with the results from the study, only including personal cars. 
Additionally, how the individual vehicles were modelled in the simulation compared to the behavior 
of the drivers in the case study in Trondheim might of course also be a reason for the differences in the 
results.  

3.3. Scenario 2: Main road priority of connected vehicles 
The H-function make use of the detectors far away from the intersection at the main road to detect 
future arrivals early and thereby priorities the detected vehicles at the intersection. The goal is to 
reduce the number of stops at the prioritized roads. The included detectors are D250 and D180 in 
Figure 4. Priority is given to detected vehicles by retaining green or early reservation of a future 
change to green. The prioritization of the main roads is of extra importance at roads with a speed limit 
of 70 km/h since a stop from 70 to 0 km/h might result in dangerous situations, especially at low and 
medium demand levels since more vehicles can drive in their free flow speed without being disrupted 
by other vehicles. Further, the special case of prioritization of trucks might be important to avoid 
unnecessary stops due to the lower deceleration and acceleration abilities of trucks. The H-function 
can be replaced by priority of connected vehicles with three benefits: 

1. The detectors far away can be removed, reducing the maintenance costs of stationary 
detectors. 
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2. Prioritization of the main road, but also prioritization of trucks, rescue units, etc. can be 
implemented at intersections where priority has previously not been implemented due to 
inability to install or cost restrictions of detectors far away from on the main road. 

3. The connected vehicles have an incentive to share their position if they are prioritized at the 
intersection. 

4. Prioritization can possibly lead to a reduction in delay for the main roads with prioritized 
connected vehicles in a similar fashion as of today, i.e. the priority at low and medium 
demand levels are expected to result in decreased delay with increasing shares of connected 
vehicles, whereas priority at high demand levels are expected to increase delay compared to 
no priority with increasing shares of connected vehicles (Bång and Nilsson, 1976). 

The evaluation of priority of special vehicle types has not been included in this study but has a high 
potential of being useful when the goal is to reduce the number of stops for specific vehicle types.  

3.3.1. Simulation-based evaluation of main road priority of connected vehicles  
The prioritization of connected vehicles is done by replacing the stationary detectors with information 
from connected vehicles at the same positions as the stationary detectors. It is assumed that the 
connected vehicles can share their position without measurement errors (perfect positioning) or loss of 
data. Different shares of connected vehicles are evaluated to investigate how the traffic conditions are 
affected when only some vehicles are equipped and prioritized. The different shares of connected 
vehicles that are investigated are 0%, 25%, 50%, 75%, and 100%. Where 0% means that there is no 
prioritization of vehicles and 100% means that all vehicles are prioritized, which essentially means 
that the conditions are identical to those of today.  

The total delay on the main roads at low demand levels is shown in Figure 24 and Figure 27. From the 
figures it can be concluded that the total delay is reduced with increased shares of connected vehicles 
at a low traffic demand for the prioritized roads. The prioritization of connected vehicles affects the 
prioritized routes positively, but have a negative effect on left turning traffic in the eastern approach as 
can be seen in Figure 27. For medium demand levels, the positive impacts on total delay are less 
visible, see Figure 25 and Figure 28 and at high demand levels, see Figure 26 and Figure 29, the 
prioritization are sometimes even counterproductive when it comes to traffic efficiency, especially at 
high shares of connected vehicles. The current prioritization-function (the H-function) is comparable 
to the results at 100% shares of connected vehicles. It can be concluded that prioritization, as it is 
designed today, gives most benefits in terms of traffic efficiency during low demand levels when the 
function can operate more freely without too many interruptions from other approaches. However, 
interestingly enough it seems that at medium demand level, partly prioritization with 25-50% shares of 
connected vehicles, gives a somewhat lower total delay, although not significantly different to other 
levels of connectivity. This indicate that at some demand levels and for mixed traffic conditions, 
prioritized connected vehicles can help improving the overall traffic efficiency at the intersection by 
partly prioritizing the main road. The non-prioritized approaches are, as expected, experiencing an 
increased total delay with an increasing share of connected vehicles, independent on traffic demand 
level, see Figure 30-Figure 32.  
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Figure 24. The total delay of cars and trucks in the western approach, including the total delay of 
each route originating from west at a low traffic demand level. Observe that the total delay from the 
west to north and the west to south is low due to the low turning ratios for these routes. Hence, they do 
not have any large impact on the resulting total delay for all routes. 

 
Figure 25. The total delay of cars and trucks in the western approach, including the total delay of 
each route originating from west at a medium traffic demand level.  Observe that the total delay from 
the west to north and the west to south is low due to the low turning ratios for these routes. Hence, 
they do not have any large impact on the resulting total delay for all routes. 
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Figure 26. The total delay of cars and trucks in the western approach, including the total delay of 
each route originating from west at a high traffic demand level.  Observe that the total delay from the 
west to north and the west to south is low due to the low turning ratios for these routes. Hence, they do 
not have any large impact on the resulting total delay for all routes. 

 
Figure 27. The total delay of cars and trucks in the eastern approach, including the total delay of each 
route originating from east at a low traffic demand level.  Observe that the total delay from the east to 
north is low due to the low turning ratios for these routes. Hence, the route does not have any large 
impact on the resulting total delay for all routes. 
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Figure 28. The total delay of cars and trucks in the eastern approach, including the total delay of each 
route originating from east at a medium traffic demand level.  Observe that the total delay from the 
east to north is low due to the low turning ratios for these routes. Hence, the route does not have any 
large impact on the resulting total delay for all routes. 

 
Figure 29. The total delay of cars and trucks in the eastern approach, including the total delay of each 
route originating from east at a high traffic demand level.  Observe that the total delay from the east 
to north is low due to the low turning ratios for these routes. Hence, the route does not have any large 
impact on the resulting total delay for all routes. 
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Figure 30. The total delay of cars and trucks in the southern approach, including the total delay of 
each route originating from south at a low traffic demand level.  Observe that the total delay from the 
south to north is low due to the low turning ratios for these routes. Hence, the route does not have any 
large impact on the resulting total delay for all routes. 

 
Figure 31. The total delay of cars and trucks in the southern approach, including the total delay of 
each route originating from south at a medium traffic demand level.  Observe that the total delay from 
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the south to north is low due to the low turning ratios for these routes. Hence, the route does not have 
any large impact on the resulting total delay for all routes. 

 
Figure 32. The total delay of cars and trucks in the southern approach, including the total delay of 
each route originating from south at a high traffic demand level.  Observe that the total delay from the 
south to north is low due to the low turning ratios for these routes. Hence, the route does not have any 
large impact on the resulting total delay for all routes. 

To further investigate the impacts of the prioritization of connected vehicles in a signalized 
intersection more detailed results from the simulations are given in Figure 33 - Figure 38. The figures 
illustrate the empirical cumulative distribution of delay. 
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Figure 33. Empirical cumulative distributions illustrating car delay per intersection approach over 
different shares of connected vehicles at a low traffic demand level, aggregated over the random 
seeds.  

 
Figure 34. Empirical cumulative distributions illustrating car delay per intersection approach over 
different shares of connected vehicles at a medium traffic demand level, aggregated over the random 
seeds. 
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Figure 35. Empirical cumulative distributions illustrating car delay per intersection approach over 
different shares of connected vehicles at a high traffic demand level, aggregated over the random 
seeds. 

 
Figure 36. Empirical cumulative distributions illustrating truck delay per intersection approach over 
different shares of connected vehicles at a low traffic demand leve,l aggregated over the random 
seeds. 
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Figure 37. Empirical cumulative distributions illustrating truck delay per intersection approach over 
different shares of connected vehicles at a medium traffic demand level, aggregated over the random 
seeds. 

 
Figure 38. Empirical cumulative distributions illustrating truck delay per intersection approach over 
different shares of connected vehicles at a high traffic demand level, aggregated over the random 
seeds. 
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As can be seen from the figures and as previously concluded for the total delay, the largest benefits by 
prioritizing connected vehicles for the western approach are observed at low traffic demand levels. 
The largest difference in delay is, as expected, observed between no prioritization and a share of 100% 
connected vehicles. No prioritization tends to result in that a larger proportion of vehicles are 
experiencing longer delays. However, as the traffic demand increases for the western approach, there 
is a slight shift between the rest of the curves and the case with no prioritization. The shift occurs 
approximately for delays of 30 and 22 seconds, for medium and high demand levels, respectively. This 
is indicating that more vehicles are experiencing long delays in the case of prioritization, especially at 
high shares of connected vehicles. Nevertheless, there is still a larger proportion of vehicles that are 
only slightly delayed compared to the no priority case at delays lower than 30 and 22 seconds, for 
medium and high demand levels, respectively, even though it becomes less evident, especially for a 
high demand. The observed delays for trucks in Figure 36 - Figure 38, shows the same tendencies 
except that the shift occurs at approximately 46 and 40 seconds for medium and high demand levels, 
meaning that it is first at longer delays, compared to cars, that trucks are worse of in the case of 
priority. Also here the difference in the curves for lower delays becomes less evident with higher 
demand. This indicates that trucks can benefit more from the main road priority, probably due to the 
smaller acceleration and deceleration abilities, which increases the time loss at stops. 

Figure 33 - Figure 38 also shows that there, to some extent, are gains in terms of delay when utilizing 
main road priority for connected vehicles in the eastern approach. Nevertheless, similar to the western 
approach a shift between the no main road priority and priority for a share of 100% connected vehicles 
can be observed, but in this case already at a low traffic demand level. As the traffic demand increases 
there is less of a difference between the different shares of connected vehicles in terms of delay. As we 
reach a high level of traffic demand the results tend to look rather similar in terms of delay for the 
eastern approach.  

The southern approach shows a clear increase in longer delays as the share of prioritized vehicles 
increases, which is expected due to the longer green times on the main roads with longer queues at the 
southern approach as a result. Essentially the exclusion of detectors on the main road will initially lead 
to reduced delays, for vehicles approaching the intersection from south but as the share of connected 
vehicles becomes larger similar delay levels as of today ought to be expected. 

The results from the empirical cumulative distributions of delay and the total delay for both the 
western and eastern approach are somewhat expected as a lower demand also implies that there will be 
less vehicles demanding green time from other approaches, allowing the main road priority to operate 
more freely. Naturally, an increase in demand results in longer cycle times, which also leads to longer 
delays for the non-prioritized roads, especially in the cases when vehicles arrive at the stop lines 
shortly after a switch from green to red. This is true also for the prioritized main road and can probably 
explain the above shift at longer delays for the eastern and western approach. When more vehicles are 
prioritized at the main road and the green time is extended more often, the queues at the other 
approaches are increasing and thereby the requirement for longer green times at these approaches are 
increased. Hence, vehicles that need to wait at red at the main road are more delayed than without 
prioritization at higher shares of connected vehicles.   

To further investigate how only the prioritized flows are affected by the main road priority, the delay 
together with the waiting time for the main road and only including straight moving vehicles, i.e. east 
to west and west to east are shown in Figure 39-Figure 44.  The waiting time reflects the time that a 
vehicle has spent in a stationary state, defined in SUMO as the time a vehicle spends under a speed of 
0.1 m/s. In the studied use case this implies the time that a vehicle is stationary due to a red light. This 
metric is presented in order to investigate if there’s any indication of other benefits or drawbacks with 
regards to the number of stops. 
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Figure 39. Car delays and waiting times over different shares of connected vehicles at a low traffic 
demand level, traversing the intersection from west to east, aggregated over the random seeds.  

 
Figure 40. Car delays and waiting times over different shares of connected vehicles at a medium 
traffic demand level, traversing the intersection from west to east, aggregated over the random seeds. 



 

VTI rapport 1071A  59 

 
Figure 41. Car delays and waiting times over different shares of connected vehicles at a high traffic 
demand level, traversing the intersection from west to east, aggregated over the random seeds. 

 
Figure 42. Car delays and waiting times over different shares of connected vehicles at a low traffic 
demand level, traversing the intersection from east to west, aggregated over the random seeds. 
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Figure 43. Car delays and waiting times over different shares of connected vehicles at a medium 
traffic demand level, traversing the intersection from east to west, aggregated over the random seeds. 

 
Figure 44. Car delays and waiting times over different shares of connected vehicles at a high traffic 
demand level, traversing the intersection from east to west, aggregated over the random seeds. 

As seen in Figure 39 - Figure 44, the results for the west to east route are in line with the results for the 
western approach as a total. By looking at the waiting time it can be concluded that the largest 
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differences in the waiting times are seen at low demand levels and as the demand increases there are 
less differences between the different shares of connected vehicles and no prioritization. Also here, a 
shift is observed at higher waiting times, especially for the low and medium demand levels. However, 
the shift occurs at approximately 90% for the low and medium demand level, which indicates that 
relatively few vehicles experience long waiting times. Further, by looking at the waiting times it 
becomes obvious that the proportion of vehicles that are having a waiting time close to 0 with main 
road priority is increasing with higher shares of connected vehicles. Hence, the number of stops will 
decrease with an increasing share of connected vehicles. Although, an exception is observed for high 
demand levels, where there are slightly more waiting times that are close to 0 when no priority is 
applied than the cases with 50% connected vehicles or higher. However, as the differences are 
relatively small there are no implications of radical changes in terms of the number of stops between 
the different shares of connected vehicles at a high level of traffic demand. Nevertheless, once waiting 
times starts occurring it is observed that there is a higher proportion of lower waiting times for the no 
priority case than in the cases with different shares of connected vehicles. This is confirming the 
previous conclusions that a high demand level also leads to longer cycle times when connected 
vehicles are prioritized, which in turn leads to longer delays and waiting times. This has previously 
been concluded by Bång and Nilsson (1976).  

For vehicles travelling from east to west the differences in waiting times between the different shares 
of connected vehicles and demand levels are less evident. However, the proportion of vehicles 
experiencing almost no waiting times are higher than for vehicles travelling west to east. This could to 
some extent be an effect of the specific traffic situation which occurs due to the assumed demand and 
turning ratios. Namely, when phase image 3 is in effect and there is no announcement from vehicles 
travelling from south to west and from south to north. This allows for green allocation for the signal 
groups on the eastern approach resulting in more green time during one cycle time resulting in a large 
share of vehicles, ~90, ~85 and ~75% for high, medium and low traffic demand levels, respectively, 
experiencing no waiting times. 

Overall, more vehicles driving on the main road experience waiting times close to 0, which indicates 
fewer stops when the detectors are removed and for lower shares of connected vehicles in the network 
and a low or medium traffic demand level. However, the number of stops will be at similar levels of 
today at high demand. Hence, it is first at higher shares of connected vehicles the number of stops is 
reduced, which might be far from where we are today, with only early stages of the implementation of 
connected vehicle scenarios. Further, the benefits of prioritizing connected vehicles during peak-hours 
are limited or even counterproductive, why it might even be considered to only prioritize connected 
vehicles during low and medium demand levels, where the vehicles can operate more freely and do not 
affect the cycle times negatively.  

3.4. Scenario 3: Min/max yellow 
The V-function includes one fixed and one variable part during yellow. The variable part is prolonged 
when there are detections on detector D80 and D10 in Figure 4 on the main road straight and left 
turnings. Accelerations from connected vehicles could potentially be used to indicate if the intentions 
are to drive or stop at yellow light. However, to have guarantee safety 100% of the vehicles must be 
detected, i.e. 100% connected vehicles are required. It is unclear how much effect the variable part 
will have on the system performance, why this has been investigated in case 2. The result will indicate 
if there is a need to reduce the yellow or if it can be set to the max time without too much loss in 
traffic efficiency in the intersection. 



 

62  VTI rapport 1071A 

3.4.1. Simulation-based evaluation of min and max times of yellow 
To test how much effect the min and max times have on the system performance, the yellow has been 
set to a fixed value based on the min and max values given in the document Relationshandling. The 
results are given in Figure 45 - Figure 50 

 
Figure 45. Car delay at min and max yellow under low traffic demand levels, aggregated over the 
random seeds. 

 
Figure 46. Car delay at min and max yellow under medium traffic demand levels, aggregated over the 
random seeds. 
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Figure 47. Car delay at min and max yellow under high traffic demand levels, aggregated over the 
random seeds. 

 

 
Figure 48. Truck delay at min and max yellow under low traffic demand levels, aggregated over the 
random seeds. 
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Figure 49. Truck delay at min and max yellow under medium traffic demand levels, aggregated over 
the random seeds. 

 

 
Figure 50. Truck delay at min and max yellow under medium traffic demand levels, aggregated over 
the random seeds. 
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Figure 45 - Figure 50 shows that the minimum and maximum yellow time has some effect on the 
system performance with regards to delay. The difference between min and max yellow is most 
prominent for low traffic demand levels where a minimum yellow time result in lower delays. Like as 
discussed in case 2 this is likely a result of shorter cycle times where the period between green time in 
a signal group is shorter with min yellow essentially allowing for slightly more green time throughout 
an hour. However, as the demand increases the cumulative distribution functions move closer to each 
other illustrating less of a difference between the two cases whereas in a high demand there’s barely 
any difference at all.  

An exception is the southern approach, where there is a clear shift between the two curves and the 
maximum yellow time is resulting in reduced delays instead. This effect could be explained by how 
the traffic signal control for right-turning is modelled in the simulation. The traffic light for right-
turning is called a two-light (två-ljus) and shows only red and green. In the simulation model, the 
yellow time for this signal group was set to show green to avoid switching between green and yellow. 
This is a simplification that was needed since the right-turning signal group can retain green for many 
different phase images. The simplification does not appear to have any radical effects on the system 
performance for low and medium traffic demand levels but will appear to show oddities when running 
the model with higher flows. 

In conclusion, there are some benefits to gain from shorter yellow times in terms of delay, This 
especially for low traffic demand levels. Although, it is important to highlight that the V-function in 
LHOVRA is implemented for safety reasons and no such aspects of the V-function have been 
investigated in this study. It should be noted that the amber (yellow) time at 70 km/h speed limit in 
Sweden was increased from 3 to 5 seconds based on a field study by Alexanderson, et al. (1964). This 
study showed that this substantially reduced the probability for vehicles to be caught in the “dilemma” 
zone at the change to amber. Recent field studies for Trafikverket (2013) showed that drivers utilize 
more than half of the amber time as an extension of green, which raises questions if the decreased or 
increased amber in the V-function really increases safety. 
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4. Conclusions and future work 
Investigations on how, and if, connected vehicles can be incorporated in Swedish traffic signals to 
improve traffic performance have been performed through a review of the current state-of-the-art on 
connected traffic signals, a workshop with experts on Swedish traffic and a simulation-based 
evaluation with the identified most promising scenarios. The scenarios that have been further 
investigated through microscopic traffic simulation are (1) Heads-up green for connected vehicles, (2) 
Main road priority of connected vehicles and (3) Yellow min/max. 

The conclusions from the review of the current state-of-the-art and the workshop with experts on 
Swedish traffic signals is that connected vehicles have the potential to contribute to improved traffic 
performance in Swedish traffic signals. However, it is also highlighted that to fully benefit from the 
connectivity a new design of the control strategy might be necessary.  

The simulation-based evaluation strengthens the conclusions from the workshop. The heads-up green 
has potential to increase the saturation flow, even for lower shares of connected vehicles. Even though 
the change in behavior is local at the intersection and only includes standstill connected vehicles at a 
shift from red to green, the effects on traffic performance is large. With 100% connected vehicles the 
improvement is around 10-15%. It should be noted that early heads-up green, at red, might result in 
too fast reactions and violations against red. Hence, it is important to only give heads-up when the 
traffic signal switch to green. 

The main benefits of prioritizing connected vehicles on the main road is that stationary detectors with 
the purpose to detect early arrivals at the intersection can be removed and also it gives the drivers an 
incentive to share information about position in exchange of being prioritized. The number of vehicles 
that are experiencing shorter delays and waiting times at the main road are increasing with increasing 
shares of connected vehicles. The more frequently observed waiting times indicate that also the 
number of stops is reduced for higher shares of connected vehicles. However, also a larger proportion 
of vehicles seems to experience longer delays and waiting times with a higher share of connected 
vehicles, especially at medium and high demands. This is probably due to the prolongation of green 
times by connected vehicles, which is resulting in increased queues and thereby an increased demand 
for longer green times for other approaches. Hence, the vehicles that are delayed are more delayed.  

Yellow min/max show that there are benefits in terms of delays if yellow time can be reduced. This 
shows that connected vehicles, indicating that they plan to stop at the stop line during yellow, can be 
used to reduce the yellow time and this in turn can lead to benefits in terms of reduced delays. It 
should be noted that to be able use connected vehicles to reduce yellow, a 100% share of connected 
vehicles is needed or at least the possibility to differentiate between connected and not connected 
vehicles at detectors involved in the reduction of yellow. 

Finally, it can be concluded that connected vehicles have some potential to increase traffic 
performance in Swedish traffic signals using the green time extension method and the LHOVRA-
functions. Most improvements in terms of efficiency are observed for the heads-up green. However, 
for the main road priority the changes in terms of delay and waiting times are small, especially with 
only a few connected vehicles, which is probably the case at the initial stages of the implementation 
connectivity-functionalities in Swedish traffic signals. To increase the traffic efficiency of Swedish 
traffic signals more, a different control strategy should be considered that can make better use of both 
the I2V- and the V2I- communications for optimization of the traffic flows in the intersection.   

The intersection gives a good representation of a standard intersection with a main road with 70 km/h 
and two side roads with 50 km/h, which is a common type of intersections in sub-urban Swedish 
traffic environments. The careful implementation of this type of intersections using well-motivated 
baseline values from previous extensive field studies, as well as the implementation of the Swedish 
green-time extension method and the LHOVRA-functions, in a microscopic traffic simulation 
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environment allow for future research on similar topics. However, since the focus in this study has 
been on connected vehicles applied to specific scenarios only the functions of relevance for the 
specific scenarios have been carefully validated, i.e. the green-time extension method and the H-
function. The O- and the V- function has not been investigated in this study, why a verification of 
these functions is limited. Hence, future work includes a more detailed investigation of the 
performance of these functions, to guarantee a correct implementation. However, it is believed that 
these functions will have limited impacts on the performed studies due to its limited impacts on the 
connected vehicle functionalities for the H-function and the heads-up green, as well as min/max 
yellow.  

Many of the LHOVRA-functions have the purpose to improve safety. However, there are limited 
possibilities to conclude on safety impacts in traffic simulation-based studies and the proposed safety 
surrogate measures from precious traffic simulation-based studies are uncertain and not representative 
as safety performance indicators. Hence, it is proposed that additional studies are performed to 
conclude on safety impact for the studied scenarios. Example of such studies can be driving simulator 
studies or field trials. 

Connected vehicles are concluded to, in most cases, have a positive impact on the delay and waiting 
time for the investigated scenarios and for possible reduction of detectors and by giving a motivation 
to connected vehicles to share information. However, the impact control of individual vehicles, such 
as the Green Light Optimal Speed Advisory (GLOSA), and its possible effects on the traffic system 
has not been part of this study. The reason for this is that in Swedish traffic signal conditions with a 
traffic actuated control strategy, the green, yellow and red times can change due to new detections and 
thereby the traffic signal status based on the current traffic conditions might change at a future state. 
Therefore, for predicting these times must be suggested or strategies for when the green and red times 
can be given to the connected vehicles has to be considered. Since GLOSA is suggested by the 
European Commission as a day-one application, i.e. applications that, with limited effort, can be 
implemented in current traffic conditions, further studies on prediction of green/yellow/red times are 
required to be able to conclude on effects on individual vehicle optimization by the use of connected 
vehicles. 

Finally, several simplifications have been made in the simulation-based evaluation to only address the 
properties that are of importance for this study. For example, pedestrians and bicyclists are not 
included in this study, however, they are assumed to have a great impact on the traffic signal control, 
why they should be considered in future studies. No data collection has been included in this study, 
why the results cannot be directly compared to the real-life situation for these types of intersections. 
This is especially the case for assumptions regarding individual vehicle behavioral aspects, such as 
differences in the behavior of trucks compared to personal cars (speed distributions, desire to stay in 
the rightmost lane, etc.), acceleration/deceleration abilities, turning movements, etc. Further, 
secondary conflicts have been removed, which might result in phenomenon that are not included in the 
results. Finally, higher values of the saturation flows may occur at bottleneck sites in major urban 
areas e.g. upstream short lanes in signalized intersection (Bang, et al., 2016). This should be further 
investigated, especially for main road approaches including short lanes. All, or some, of these aspects 
should be considered in future studies. The aspects to further investigate should be chosen based on 
purpose and the aim of future studies, as well as the expected impact the aspects will have on the study 
in question. 
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