
Department of Science and Technology Institutionen för teknik och naturvetenskap  
Linköping University                                                                                            Linköpings Universitet 
SE-601 74 Norrköping, Sweden 601 74 Norrköping 

  
  
 
 

 
 
 

 
  
 
 
 
 
  

 
  
 
 
 
 
 
 

 
 

 

 

LiU-ITN-TEK-A--10/052--SE

Capcal for small roundabouts  
Current status and

improvements
Leif Linse

2010-10-08



LiU-ITN-TEK-A--10/052--SE

Capcal for small roundabouts  
Current status and

improvements
Examensarbete utfört i kommunikations- och transportsystem

vid Tekniska Högskolan vid
Linköpings universitet

Leif Linse

Handledare Andreas Allström
Handledare  Leif Linderholm
Examinator Clas Rydergren

Norrköping 2010-10-08



Upphovsrätt

Detta dokument hålls tillgängligt på Internet – eller dess framtida ersättare –
under en längre tid från publiceringsdatum under förutsättning att inga extra-
ordinära omständigheter uppstår.

Tillgång till dokumentet innebär tillstånd för var och en att läsa, ladda ner,
skriva ut enstaka kopior för enskilt bruk och att använda det oförändrat för
ickekommersiell forskning och för undervisning. Överföring av upphovsrätten
vid en senare tidpunkt kan inte upphäva detta tillstånd. All annan användning av
dokumentet kräver upphovsmannens medgivande. För att garantera äktheten,
säkerheten och tillgängligheten finns det lösningar av teknisk och administrativ
art.

Upphovsmannens ideella rätt innefattar rätt att bli nämnd som upphovsman i
den omfattning som god sed kräver vid användning av dokumentet på ovan
beskrivna sätt samt skydd mot att dokumentet ändras eller presenteras i sådan
form eller i sådant sammanhang som är kränkande för upphovsmannens litterära
eller konstnärliga anseende eller egenart.

För ytterligare information om Linköping University Electronic Press se
förlagets hemsida http://www.ep.liu.se/

Copyright

The publishers will keep this document online on the Internet - or its possible
replacement - for a considerable time from the date of publication barring
exceptional circumstances.

The online availability of the document implies a permanent permission for
anyone to read, to download, to print out single copies for your own use and to
use it unchanged for any non-commercial research and educational purpose.
Subsequent transfers of copyright cannot revoke this permission. All other uses
of the document are conditional on the consent of the copyright owner. The
publisher has taken technical and administrative measures to assure authenticity,
security and accessibility.

According to intellectual property law the author has the right to be
mentioned when his/her work is accessed as described above and to be protected
against infringement.

For additional information about the Linköping University Electronic Press
and its procedures for publication and for assurance of document integrity,
please refer to its WWW home page: http://www.ep.liu.se/

© Leif Linse



    

  



   

Abstract 

Questions have been raised regarding how good Capcal works for roundabouts with a 

weaving length smaller than 25 meters and if Capcal would work for weaving lengths lower 

than the 16 meters that is the lower limit in the current model. In this thesis, two possible 

improvements has been developed and tested on five roundabouts with a weaving length less 

than 25 meters. Work has been done to build alternative gap acceptance models ranging from 

removal of the 16-meter limit through re-estimation of the current model to a completely new 

model. In this thesis a new sub model has been introduced that take into account the 

uncertainty of if circulating vehicles will exit or continue to circulate. These sub models have 

been combined in 29 different ways including the current Capcal model configuration and 

have been tested with five different roundabouts. The conflict delay, which is caused by 

interaction with other vehicles, has been used to compare the model results with delay 

observations from video captures of the roundabouts.  

 

Out of all model configurations, the original Capcal 3.3 model had the lowest difference in 

average between the model result and the observations. If the 16-meter weaving length 

restriction in the original model is removed, almost the same results are obtained as with the 

restriction. While none of the model configurations improved the model fit, no configuration 

could be statistically be rejected. In the results of individual roundabouts, there were 

differences between the model and observations of up to 50%. This shows that while this 

thesis could not find any improvements of Capcal, there is a potential for future work to 

develop improvements of the roundabout model. 

 

 

Sammanfattning 

I nuläget tillåter Capcal att växlingssträckor ner till 16 meter modelleras, men i dataunderlaget 

som användes vid skapandet av nuvarande modell finns endast med en cirkulationsplats under 

25 meter. Det har lyfts frågetecken kring huruvida Capcal ger bra resultat för 

cirkulationsplatser med en växlingssträcka på mindre än 25 meter samt huruvida modellens 

nedre gräns på 16 meter skulle kunna tas bort. I detta examensarbete har två olika möjligheter 

att förbättra modellen testats på fem olika cirkulationsplatser med växlingssträcka kortare än 

25 meter. I arbetet har det ingått att ta fram alternativa gap-acceptance-modeller vilka sträcker 

sig från att enbart ta bort 16-metersgränsen via en nyestimering av Capcals modell till en helt 

ny modell. Därtill har en ny submodell skapats som tar hänsyn till den osäkerhet som uppstår 

kring huruvida cirkulerande fordon kommer att köra ur cirkulationen vid en utfart eller 

fortsätta cirkulera. De utvecklade submodellerna samt nuvarande Capcal modell har 

kombinerats i 29 olika kombinationer. Dessa 29 kombinationer har för varje av de fem 

studerade cirkulationsplatserna testats mot observationer från respektive cirkulationsplats. 

Konfliktfördröjningen, vilket är fördröjning på grund av interaktion med andra fordon, har 

använts för att jämföra Capcal-resultaten och observationerna. 

 

Av alla modellkonfigurationer så gav nuvarande Capcal 3.3-modell lägst medelskillnad 

mellan modellresultat och observationer.  Om 16-meter-restriktionen i nuvarande Capcal-

modell tas bort, så fås i stort sett samma resultat. Ingen av de studerade modell-förändringarna 

gav en bättre passning mellan modell och verklighet i medel, men ingen förändring kunde 

förkastas ur statistisk synvinkel. Det var dock  stora variationer i resultaten för enskilda 

cirkulationsplatser med upp till 50% skillnad mellan modellens resultat och observerade 

värden. Detta visar på att även om detta examensarbete inte lyckades hitta några förbättringar 

av Capcal, så finns det potential för framtida arbete att ta fram förbättringar av 

cirkulationsplatsmodellen i Capcal.  
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1 Introduction 

1.1 Background 

Since 1977, when only a very few roundabouts existed in Sweden (Statens Vägverk, 1977), 

the usage of roundabouts has increased. In the beginning most roundabouts were large and 

had often two lanes. In Germany, these large roundabouts were found to be a traffic safety 

problem. Therefore, they were later often replaced by signalized intersections (Brilon, 2004). 

In later years, they have adopted smaller roundabouts, most of them with only one lane. This 

has resulted in a success with the regard of traffic safety (Brilon, 2004). This shift towards 

smaller roundabouts where the speed is reduced has not just happened in Germany, but in 

many other countries (Sawers, 2009 and Hagring, 1998). 

 

While roundabouts are regarded for their safety benefits, they can also provide higher 

capacity and lower delays than traffic lights; thus, they are often seen as a replacement option 

for traffic lights (Hydén, Odelid and Várhelyi 1992, Hagring, 1996 and Hagring, 1998). 

 

1.1.1 Roundabout geometry 

A roundabout consists of a central island, a circulating road and three or more arms. At the 

place where the arms are attached to the circulating road, there is often a splitter island 

between the entering and exiting direction of the arms. Both the entering and the exiting 

directions of an arm can have one or more lanes. The entering vehicles passes a yield line 

before they enters the circulating road, which can consist of one or two lanes.  The point 

where entering and circulating vehicles meet is called the conflict point. 

 

Roundabouts have many different geometric measurements that give information about their 

sizes. The geometric measurements that are used in this thesis are shown below in Figure 1.1. 

An explanation of what all the letters and symbols means is included here below. 

 

 d Inscribed diameter 

 L Weaving length 

 b Weaving width 

        Total width of all entry lanes 

       Total width of all exit lanes 

  

L and b gives the size of the weaving area, which is where circulating and entering vehicles 

joins at the same time as some are exiting the roundabout at the next adjacent exit. In Figure 

1.2 below, the weaving area of the arm from the bottom of the figure has been highlighted. 

Thus, a weaving area is said to belong to a specific arm that is the arm from where the minor 

vehicles that enter at the weaving area in question comes from.         and       gives the total 

width of all lanes at the entering and exiting directions of a given arm.  
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Figure 1.1 Geometric measurements of roundabouts. 

 

 
Figure 1.2 The weaving area of the bottom arm has been highlighted. 

 

1.1.2 Capacity 

The capacity of traffic systems is a measurement of how high flow levels that the system can 

handle in a steady state condition. That is, how many vehicles per time unit the system can 

handle at maximum given that the input flow rates are stable. Capacity is most often 

expressed as number of vehicles per hour, but also vehicles per second is sometimes used 

(Holmberg and Hydén et. al., 1996), (Hagring, 2004) and (Allström, Hagring and Linderholm, 

2006). Capacity can either be given per lane, per turning direction or for all lanes. It is also 

possible to speak of the capacity or the flow of the intersection as a whole; how many 

vehicles it handles either during the peak hour or per day (Vejregelrådet, 2008). 
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1.1.3 Traffic models 

Before spending large sums of money on building new or reconstructing intersections and 

cause costs to the society in the form of monetary costs and delays for the travelers during the 

construction period, it is of interest to have tools that can help the planners to design 

intersections with desired properties regarding capacity, delay, safety and a few other factors. 

An important tool that the traffic planners have at their hand is capacity models. Based on a 

set of inputs regarding the intersection configuration and local conditions such as traffic 

flows, they give predictions of the capacity and some other properties of the intersection. It 

should be noted that the concept of a model could be anything from a simple equation that can 

easily be computed by hand to advanced models that require computer support to compute the 

results. For example, for the Danish capacity model DanKap there is both a manual for hand 

computations and a software implementation to make computations based on the same 

capacity model (Vejregelrådet, 2008). 

 

For intersections with yielding situations such as yield- and stop intersections and 

roundabouts, there exists a theory called gap acceptance theory. When there is a major and a 

minor stream that crosses or merges, the idea is that yielding vehicles wait until there appears 

a gap in the major stream that is larger than a threshold value. Only then, the yielding vehicle 

accepts the gap and merges with or crosses the major stream (Hagring, 1998).  

 

1.1.4 Capcal 

In Sweden there is an analytical capacity model based on traffic theory called Capcal. The 

roundabout model in Capcal started out in the 1970s when Arne Hanson suggested a capacity 

model that was later included in the first capacity manual for roundabouts by Statens Vägverk 

1977 and 1981. Over a decade later in 1995, a second version was completed by Statens 

Vägverk. Hagring (1996) and Hagring (1998) proposed improvements regarding how two 

lane roundabouts are handled that resulted in a third version (Hagring, 2004 and Allström, 

Hagring and Linderholm, 2006).  

 

Cacpal is more than just roundabouts. With Capcal, it is possible to do capacity calculations 

for several intersection control types: 

 

 Yield (give way without mandatory stop) 

 Stop (give way with mandatory stop) 

 Traffic signal 

 Roundabouts 

 

In addition to that, Capcal can model short lanes and shuttle signals. A short lane can for 

example be when there is an extra left turn lane with limited length.  

 

Roundabouts are modeled in Capcal using several input parameters. Some are related to the 

geometry of the roundabout and are found in the geometry tab in the program (see Figure 1.3 

below). There is also a section for setting the speed limit, which either can be signed speed or 

measured speed in the geometry tab. The roundabout size is mainly given by the weaving 

length in Capcal. In the second tab “Volumes”, the OD
1
-flows are given per turn. That is, for 

each approach, there is one value for each turn. If a roundabout has four arms, there is for 

each arm a left-turn flow, a straight flow and a left-turn flow. If it only has three arms, then 

                                                 
1
 OD = Origin-Destination 
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there are only two flow values per approach. For each approach, there is also a ratio of heavy 

vehicles that is used for all turns and lanes of that approach. There is also (for the whole 

approach) an input for bicycle and pedestrian flows. The bicycle flow is for bicycles that is 

mixed with the car traffic. The pedestrian flow is for pedestrians that cross the approach using 

a zebra crossing. It should be noted that the Capcal only accounts for pedestrians that crosses 

the roundabout entries, not the exits (Hagring and Allström, 2008).  

 

 
Figure 1.3 Screenshot of Capcal 3.3.0.4, showing the geometry/overview tab where 

geometric input is given to the model. 

For intersections with traffic lights, there will be an extra tab where signal phases can be 

defined and other settings be set for the signal operation. When all input parameters have been 

entered, it is possible to run the model and view the results. Since Capcal is an analytical 

model, the run times are usually less than a second.  

 

Capcal do not only calculate the capacity of the roundabout, but many other performance 

measures. These include degree of saturation, queue lengths, delays and proportion of stopped 

vehicles. In Capcal the results are presented both per lane and per movement. In Table 1.1 to  

Table 1.3 below, the full results are presented for the Solna roundabout as a demonstration of 

what performance measures that Capcal calculate. Note that these results has been produced 

by a standard version of Capcal, and had thus not the additional decimals in the results that 

were implemented in the custom Capcal binary that was used by this thesis. All modifications 

that were made to Capcal are explained later in 4.4 Capcal modification.  
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Table 1.1 Capcal result table: Capacity and delay per lane 

      

Queue length (num 
veh) 

Approach Lane Movement 
Volume 
(vph) 

Capacity 
(vph) 

Degree of 
saturation Mean 

90th 
percentile 

3. Kolonnvägen NV-ut 1 TL 10 1514 0.01 0.0 0.0 

1. Gustav III:s 
boulevard NÖ-ut 1 RL 435 869 0.50 0.6 1.3 

 
2 L 0 0 0.00 0.0 0.0 

2. Kolonnvägen SÖ-ut 1 RT 931 1556 0.60 0.0 0.0 

 

Table 1.2 Capcal result table: Delay and number of stops per lane 

Approach Lane Delay (s/v) Proportion of veh delayed 
 

  
Conflict Geom. Total Conflict Geom. Total 

Prop of veh 
that stops 

3. Kolonnvägen NV-ut 1 0 8 8 9 91 100 0 

1. Gustav III:s 
boulevard NÖ-ut 1 6 5 8 73 27 100 40 

 
2 0 0 0 0 0 0 0 

2. Kolonnvägen SÖ-ut 1 1 6 6 11 89 100 0 

All vehicles 2 5 6 31 69 100 13 

 

Table 1.3 Capcal result table: Delay and number of stops per movement 

  
Delay (s/v) 

Proportion of delayed 
vehicles % 

 

Approach Movement Conflict Geom. Total Conflict Geom. Total 
Prop of veh 
that stops 

3. Kolonnvägen NV-ut LT 0 8 8 9 91 100 0 

 
All 0 8 8 9 91 100 0 

1. Gustav III:s 
boulevard NÖ-ut RT 6 5 8 73 27 100 40 

 
All 6 5 8 73 27 100 40 

2. Kolonnvägen SÖ-ut RT 0 4 4 11 89 100 0 

 
THR 1 6 6 11 89 100 0 

 
All 1 6 6 11 89 100 0 

Total delay (hours) 2.5 
        

 

Small roundabouts in Capcal 

The smallest roundabout in the empirical data that was used to calibrate the current 

roundabout model in Capcal has either 16 or 25 meters weaving length. A roundabout with 16 

meter weaving length was included in the data collection by Hagring (1996) where it was 

mentioned that it had a strange configuration. However, in the data analysis in Hagring (1998) 

it was not included anymore. In Hagring (2004), it appears again in a plot over critical gap 

time related to weaving length. In Allström, Hagring and Linderholm (2006) where the 

current model is described, there is no description of the data used for calibration of the 

model. Apart from the 16-meter roundabout which might or might not has been included, all 

other roundabouts used in the calibration were 25 meters or larger. A weaving length of 25 

meter or more is rather large compared to the smaller roundabouts that have become common 

over the last two decades.  
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It is therefore of interest to investigate the Capcal roundabout model to see how well it works 

for smaller roundabouts. There have been some indications that the Capcal results are not 

accurate for small roundabouts in the full survey results presented in appendix 3 in Allström, 

Olstam and Thorsson (2008). Therefore, in addition to the work of testing the claims that 

Capcal do not produce accurate results for small roundabouts, there is a need to come up with 

solutions for improvements of the Capcal model. Before any improvements can be included in 

the official Capcal version, they have to be tested so it becomes evident that they actually 

improve the model.  

 

1.1.5 SNE-project 

In 2008 a project with the title “Kapacitet i små cirkulationsplatser” (capacity in small 

roundabouts) was started between Vägverket (now part of Trafikverket), KTH and Trivector 

Traffic. SNE-project is a shorter name of this project. The aim of this project has been to 

study how the Capcal model can be extended so that it can also handle small roundabouts. 

Most of the input data used by this thesis has been collected by the SNE-project, and the 

results of the study conducted in this thesis have been delivered back to the SNE-project.  

 

1.2 Purpose 

Since the current roundabout model in Capcal has been built using mostly larger roundabouts 

as input, it is uncertain if the model is valid also for roundabouts of smaller sizes. The purpose 

of this thesis has been to investigate the validity of Capcal for roundabouts with a weaving 

length of 25 meters or smaller, and to develop and test possible solutions for how the model 

can be improved to better work for smaller roundabouts. 

 

1.3 Aim 

The aim is to answer the question regarding if the current version of Capcal with the last 

major contributions by Hagring (1996) and Hagring (1998) is valid for roundabouts with a 

weaving length of 25 meters or less. It is therefore an aim to as far as possible replicate the 

methodology that Ola Hagring used when he analyzed the observations and came up with the 

roundabout model in the third version of Capcal.  

 

If it can be found that the model prediction differs from observations for small roundabouts, 

two possible improvements to the model shall be developed and tested. 

 

1.4 Limitations 

The current Capcal roundabout model could be changed in infinitely number of ways. To put 

some constraints on the size of the work, two modifications will be tried using data from six 

roundabouts
2
. The two studied modifications have been chosen based on discussions with my 

advisors Andreas Allström and Leif Linderholm at Trivector Traffic. Andreas Allström has 

been responsible for the Capcal courses and support at Trivector Traffic 2005-2009. One 

input regarding what modifications to study has been the literature review over how other 

models handle smaller roundabouts that is presented in this thesis. The input data that has 

                                                 
2
 Due to limited view in one of the video captures, only five of them were possible to use for the model test. 
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been analyzed in this thesis was collected by a project between Trivector Traffic, KTH and 

Vägverket. Trivector Traffic and KTH have recorded 12 roundabouts on video that KTH has 

analyzed to create log files of the vehicle movements. Some complementary loggings have 

been done within this thesis for things that were not initially thought of. 

 

Some simplifications have been made in the method due to the time constraints. The 

maximum likelihood method that Hagring (1998) used to estimate the critical gap time has 

been simplified in order to get something that were possible to use in practice without too 

tough work on the mathematical area. An attempt was first made to use the maximum 

likelihood method that Hagring (1998) has used, but it became clear that it would take too 

much time to figure out how to implement his method. Another simplification that has been 

done due to time constraints is to only study right turning vehicles of the minor stream. 

Further explanation regarding the right turn simplification can be found in section 3.6.1 (page 

41). 

 

1.5 Method 

In this section, an overview of the method will be presented. A longer explanation of the 

method used to carry out the work of this thesis is given in section 3. Data processing & 

analysis and section 4. Model test. 

 

While many smaller tasks have been carried out that finally delivers a result, they all come 

down to comparing observations from the reality with model results. In some cases the values 

that are compared cannot directly be observed, instead some computations have been made to 

estimate the values. These are still seen as observations. Calculated values on the other hand 

are based on results of a calibrated model. The model may use the geometry or other static 

attributes of a roundabout as input, but never observations of vehicle movements. The only 

exception is that the flow values that come from vehicle counts have been used as model 

input.  

 

In this thesis, some decisions have been made regarding the new models that have been 

constructed. As basis for these decisions, quantitative results have been used as well as 

documented knowledge found through the literature review that is also part of this thesis. 

 

From a technical point of view, the analysis in this thesis have to a high degree been carried 

out by implementing algorithms as computer programs that are then executed to analyze the 

data. This has both been possible as well necessary since the main input data of this thesis are 

files consisting of hundreds of vehicle loggings for each roundabout.  

 

1.5.1 Model development 

The aim with this thesis is to find ways to improve the Capcal roundabout model. Since there 

are infinite ways to change the Capcal model, it would not be possible to try them all. From 

discussions with my advisors Andreas Allström and Leif Linderholm, it was decided that this 

thesis would evaluate these two hypotheses: 

 The relations for critical gap time and follow-on time is different for smaller 

roundabouts 

 The exiting flow at an arm reduces the capacity for the entering flow at the same arm. 
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A third hypothesis is that by adopting Capcal to take the two hypotheses above into account, 

better results can be obtained from the model. Better results in this case mean that the results 

from Capcal will differ less from the observations. 

 

The first hypothesis can be tested by making observations of small roundabouts and estimate 

the critical gap time (    ) and follow-on time (  
    . Using the equations in the Capcal 

model documentation (Hagring and Allström, 2008),       and   
     can be computed using 

roundabout geometry and heavy vehicle ratio as input. Comparing       against      and 

  
     against   

    it may be possible to see if it is likely that the Capcal model is wrong for 

small roundabouts or not. New equations for   and    are estimated using      and   
    and 

geometric properties of the roundabouts. 

 

For the second hypothesis, it would be possible to do a behavior study where individual 

drivers are watched to see how they act. When there is a circulating vehicle that exits the 

roundabout at the exit before the conflict point of the minor flow, do the minor vehicles 

reduce their speed noticeable? Unfortunately, if the speed reduction is small, it may be hard to 

see by watching individual drivers if there is such an effect. It would be possible to do studies 

over whole populations where the travel time trough the roundabout is measured. However, 

since it seems to be logical that such an effect exist and other international models have a 

similar capacity reduction, no tests has been made to prove that the effect exists. Instead, a 

simple model has been created which increases the major flow at each arm by a factor times 

the exiting flow at the arm. In Capcal, there is already another major flow correction, and by 

making a new model that uses the same way of hooking into Capcal, it should have a higher 

chance of being possible to implement. 

 

In order to evaluate the new models and find good parameters for the two new models, the 

new models have been implemented into the Capcal 3.3 software so that it has been possible 

to run tests. To compare the Capcal results the conflict delay has been chosen as 

measurement. The reason why conflict delay was chosen is that it is possible to extract from 

the vehicle movement logs if the travel time for free vehicles without conflict is known.  

 

1.5.2 Data flow 

Input data has been used for different purposes at different stages in this thesis. From input 

data, intermediate results are calculated that are used as input data in later stages of the thesis. 

In order to avoid getting biased results, it is important to understand what data is used for and 

how data flows from earlier steps to later steps of the analysis. It is impossible to cover how 

data is used without getting into the method used, but the focus will still be how data is 

moving along the way. 

 

Data entities 

- Vehicle movement logs 

-      - observed critical gap time [s] 

-   
    - observed (mean) follow-on time [s] 

- Flows 

o Minor flow [veh/h] 

o Major continues flow [veh/h] 

o Major exiting flow [veh/h] 

- Geometry 

o L – weaving length [m] 
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o b – weaving width [m] 

o d – inscribed diameter [m] 

o        – lane with of entry lane [m] 

o       – lane with of exit lane [m] 

- Heavy vehicle ratio 

-       - observed conflict delay [s] 

-        - calculated conflict delay [s] 

 

Through Figure 1.4 to Figure 1.7, the data flow in this thesis is illustrated; starting from the 

sources used in this thesis and moving step by step to the ending result table. Figure 1.4 

illustrates the process of estimating new critical gap time and follow on equations. In Figure 

1.5, the new equations are implemented into the Capcal program along with the exit flow 

factor-model. Figure 1.6, shows that Capcal has been ran once for each combination of 

roundabout,   &    equation and exit flow factor, and how the resulting calculated conflict 

delay has been stored in a table along with the observed conflict delay. In Figure 1.7, the raw 

results from Figure 1.6 have been aggregated to show the overall fit of each model 

configuration to the observed roundabouts.  

 

 

 

Figure 1.4 Supply of data to the process of estimating new critical gap time and follow-on 

functions. The diamonds represent data and the squares are activities. Thick 

borders are input data and the diamond with double borders shows the output of 

the data graph. The dashed activities are activities that were done by the SNE-

project. Below some of the diamonds, there is a reference to a table, equation or 

appendix where that data can be found. 

Critical gap time estimation 

Vehicle 

movement logs 

     

  
    

Geometry Flows 

Videos of 

roundabouts 

Logging in SAVA Manual flow counting Measuring 

Maps 

  &    function estimation 

New   &    

functions 

Knowledge / 

ideas 

→ Table 5.1, p48 → Table 4.1, p44 → Appendix B 

→ Equation 5.1 to 5.4, p 49 
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Roundabout 

  &    

equation EF factor                     

                     

      

      
 

  

Figure 1.6 Capcal has been ran for each scenario which is a combination of a roundabout, a 

  &    equation and an exit flow factor. A results table has been created with the calculated 

conflict delay for each scenario. Conflict delay has been observed for each roundabout and 

added to the table so that a difference between observed and calculated conflict delay could be 

computed. This full results table can be found in Appendix C – Raw Capcal results

Appendix C – Raw Capcal results. 

Capcal 

Scenarios – one of each: 

 Roundabout 

   &    equation 

 EF factor 

Load for chosen scenario: 

 Geometry 

 Flows 

All vehicles 

travel time 

Calculate       

 

Free vehicles 

travel time 

Figure 1.5 Implementing new sub modes into the Capcal program 

 

Capcal 

 

New   

&    

model 

 

New extra 

major flow 

model 
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Roundabout 

  &    

equation EF factor                     

      

      

      

 
  &    

equation EF factor                     

    

    

    
 

 
 

 

Figure 1.7 Mean conflict delay difference over all roundabouts that otherwise use the same 

scenario parameters has been calculated. See Equation 4.2 and 4.3 at page 45 

for more details regarding the computations. The aggregated table can be found 

as Table 5.13 (page 53). 

Aggregate over all roundabouts 
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2 Literature review 

Within this thesis, a literature review has been conducted. First, capacity models will be 

covered in general, and then gap acceptance and last Capcal will specifically be covered. 

After that, a review over how international roundabout capacity models handle small 

roundabouts will be presented.  

 

2.1 Useful definitions 

2.1.1 Flow 

Flow is the number of vehicles per time unit that passes a given point is called. Flow is often 

measured in vehicles per hour (Holmberg and Hydén et. al., 1996). 

 

2.1.2 Capacity 

Capacity is the maximum flow that a road, lane or intersection can handle over some time. 

The over some time constraint should be interpreted as that the high flow should be able to 

continue at the high level without causing the flow to break down (Akçelik, 2008). 

 

2.1.3 Saturation flow 

The saturation flow is a measurement of how quickly queues can be discharged. It is 

measured in vehicles / hour under the constraint that there should be a queue, and in case of 

gap acceptance, there should be no major vehicles that block the queue from being discharged 

(Akçelik, 2008). 

 

2.2 Capacity model types 

In order to determine the capacity of roundabouts many different models have been 

developed. These models can be categorized as different types of models. Three types of 

models will be briefly mentioned here: 

 

 Traffic theory based 

 Regression analysis based 

 Micro simulation based 

 

Traffic theory based models are models such as the gap acceptance model used in Capcal. 

These models are based on relationships that have been formulated by researchers and do 

often contain constants. The constants may for example be the average gap time between two 

vehicles that is needed for a vehicle to enter a traffic stream. To determine the values of these 

constants, empirical data has been used (Hagring, 1998). While the constants may have been 

determined using regression analysis, the models have still been formulated using traffic 

theory as a base.  

 

Pure regression analysis models are made by collecting a big set of empirical data, and then 

apply statistical methods (regression analysis) to determine the dependency between the 

different geometric parameters and the measured capacity. The most used regression analysis 
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based model is the TRL model from the UK, which has been implemented by the Arcady and 

Rodel software packages. The goal they had when they made their model was not to get a 

mathematical understanding – but only to get a tool for calculating intersection capacities 

based on their geometry (TRL) and (Akçelik, 2007). 

 

In micro simulation based models, the individual driver behaviors are modeled in detail. The 

movements of each vehicle are simulated, and each vehicle has its own decision-making. 

Micro simulation models have a large set of parameters that needs to be calibrated and are 

thus more expansive to use (Hagring, 1998). 

 

2.3 Gap acceptance 

An important part of traffic theory based models for non-signalized intersections, including 

roundabout models, is the gap acceptance model. It describes how a stream or flow of 

yielding vehicles behaves in the yielding situation. The flow of yielding vehicles is denoted as 

the minor flow, and the flow that the yielding vehicles yield against is denoted as the major 

flow.  

 

In a roundabout, the circulating lanes contain the major flow. The vehicles on the approaches 

belong to the minor flows. The distance between two succeeding vehicles in a stream is called 

a gap. The gap between two successive vehicles can also be measured in time and is then 

called gap time. The gap time in the major flow is denoted with h as seen in Figure 2.1. The 

waiting vehicle in the minor stream waits until there is a gap larger than a minimum value that 

it can use to join the major stream. The smallest accepted gap time is called the critical gap 

time, T. Thus,     express the condition that gaps need to fulfill in order to be accepted 

(Hagring, 1998). 

 

 
Figure 2.1 In the gap acceptance theory, a time gap needs to be larger than or equal to T in 

order to be accepted. 

If a minor vehicle arrives at the waiting line and accepts the current gap, then it is called that 

it accepts a lag. The lag time is defined from when the minor vehicle arrives at the waiting 

line up to the moment when the next major stream vehicle passes the conflict point. A 
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simplification that can be done, and is done in Capcal is to assume that the critical gap time 

and the critical lag time are equal (Hagring, 1998). 

 

If the gap h is large enough, the gap can be used by more than one vehicle in the minor 

stream. The extra time required for one more successive vehicle to use a gap is called the 

follow-on time, and is denoted   . A gap can be used by exactly   vehicles if Equation 2.1 

below is satisfied (Allström, Hagring and Linderholm, 2006). In order to simplify the 

calculations and input data collection, a common simplification is to assume point shaped 

vehicles. This has the effect that the concept of headway and gap time becomes 

interchangeable. This assumption of point shaped vehicles exists in Capcal (Hagring, 1998, 

p19). 

 

                   2.1 

(Allström, Hagring and Linderholm, 2006) 

 

In order to determine the entry capacity, the major flow at the conflict point has to be 

determined. In many models, the entire circulating flow at the entry point is included in the 

major flow; however, in Capcal only the part of the circulating flow that interacts with the 

minor flow is included in the major flow (Hagring, 1998, p29). In addition to the circulating 

flow, the major flow can have other components. These additional components are sometimes 

labeled as corrections. One such correction in Capcal is that if there is a zebra crossing at the 

entry, the pedestrian flow is added to the major flow with a factor of 0.5 pcu
3
 (Allström, 

Hagring and Linderholm, 2006, p13). 

 

2.3.1 Inconsistent and nonhomogeneous drivers 

In the gap acceptance model presented above, it has implicitly been assumed that all drivers 

behave the same. A single critical gap value is used for all drivers. In this section the problem 

of nonhomogeneous and inconsistency among drivers will be covered and why it is possible 

to simplify the driver behaviors as consistent and homogeneous. 

 

Driver inconsistency can according to Hagring (1998) be defined as: 

 

Driver behavior is consistent if a driver always maintains the same critical gap; 

otherwise it is inconsistent (Hagring, 1998). 

 

The conditions for when drivers are homogenous are defined by Hagring (1998) as: 

 

If drivers choose critical gaps from a distribution common to all drivers, drivers 

are said to be homogeneous; otherwise they are said to be nonhomogeneous 

(Hagring, 1998). 

 

Ashworth and Bottom (1977) have found through a study that driver behavior is both 

inconsistent and nonhomogeneous. Furthermore, they found several causes for the 

inconsistency. One example that he found was that drivers reduce their critical gap time over 

time as they are waiting longer and longer. Hagring (1998) takes this as a possible evidence 

that pure inconsistency do not really exist, instead it can be seen as factors that has not been 

included in the model. 

                                                 
3
 pcu = passenger car unit 
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Hagring (1998) refers to a few different studies that have found differences between drivers 

that do vary from driver to driver but do not vary from situation to situation for the same 

driver. Such differences are gender, age, vehicle type etc. These differences are a sign on 

nonhomogeneous behavior.  

 

There are two ways to deal with inconsistent and nonhomogeneous behavior, either expand 

the model to include all the causes of inconsistent and nonhomogeneous behavior, or repeat 

the data collection procedure from time to time to recalibrate the model for the currently mean 

driver behavior. Since the later approach is cheaper, it has been chosen for Capcal. The mean 

behavior can change over time as the mix of drivers change. Today there is for example more 

elderly and female drivers than in the 1970s when the initial Capcal model was constructed 

(Hagring, 1998). 

 

2.4 The Capcal model 

Capcal is the name of both a capacity model and the software that implements the model. In 

this thesis, the word Capcal is most often used to refer to the capacity model. The Capcal 

model does not only include roundabouts, but many different intersection types.  The capacity 

model as well as the software implementation of the model is owned by Trafikverket. The 

graphical user interface is however owed by Trivector who also maintains the model 

implementation for Trafikverket.  

  

The roundabout model in Capcal started out in the 1970s by Arne Hanson, and over the years, 

it has got two major improvements of the original model. The last major improvement of the 

roundabout model has been developed in Hagring (1996) and Hagring (1998) and later 

described in Hagring (2004) and Allström, Hagring and Linderholm (2006). The roundabout 

capacity model has ever since the beginning been based on the gap acceptance theory. A 

roundabout is by Capcal seen as a series of independent three-way intersections in a circle.  

 

Capcal consists of many sub models that linked together produce the final results that it 

delivers. Hagring (2001) divides Capcal into the following six major steps: 

 

1. Calculate the major flow 

2. Calculate the critical gap time and follow-on times 

3. Calculate service times and capacities 

4. Calculate lane distribution  

5. Make corrections for short lanes 

6. Calculate performance measures 

 

For this thesis, the first two and the last steps are of highest importance.  In step one the major 

flow is computed and then in step two the critical gap time and follow on times are computed. 

In the sixth and last step, the performance measures are computed. These measures are the 

output of Capcal. 

 

2.4.1 Step one – Major flow 

The major flow is in Capcal based on a few components. The first component is the 

circulating flow, which passes the conflict point. That flow has to be computed based on 

which OD-pairs that pass that point. In addition to that, there are corrections. One such 
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correction is the one for the event of a zebra crossing at the approach. The pedestrian flow is 

added as a correction to the major flow after having been multiplied by a factor of 0.5 pcu. 

 

2.4.2 Step two – Critical gap time and follow-on time 

To compute the critical gap time and follow-on times in Capcal, the formulas in Equation 2.2 

and 2.3 are used. The critical gap time is based on the weaving length (  ) and the ratio of 

heavy vehicles (   ) of the minor stream. The follow-on time do not have the weaving length 

component and is only based on the heavy vehicles. Hagring (1996), found that heavy 

vehicles take 1.11 seconds longer in average, and this is why the 1.1 constant is used in the   

and    equations. The 0.056 and 0.061 numbers correspond to the ratio of heavy vehicles that 

the data set used to calibrate the model had. 

 

                                2.2 

 

                        2.3 

(Allström, Hagring and Linderholm, 2006) 

 

2.4.3 Step six – Performance measures 

While Capcal is a capacity model, it cannot only compute the capacity, but also a few other 

performance measures that are related to the capacity. For this thesis, the most important 

performance measures are the delay measures as those are used directly in the work presented 

here. The procedure of computing the delays will be given here based on the model 

description by Allström, Hagring and Linderholm (2006). For more details than what is 

presented here, the source document is recommended. 

 

Interaction delay: 

         2.4 

 

Where: 

    is the waiting time in queue 

  is the average service time (time it takes before an acceptable gap appears) 

 

 

(Allström, Hagring and Linderholm 2006) 

 

Geometric delay: 

                           2.5 

 

Where: 

    is the portion of stopped vehicles 

   is the average geometric delay for stopped vehicles 

 

   is the portion of delayed but not stopped vehicles 

   is the average delay for delayed but not stopped vehicles 

 

   is the portion of vehicles that are geometrically delayed only 

   is the average delay for vehicles that are geometrically delayed only 
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     is the minimum speed 

   is the extra driving distance due to the roundabout being there. 

    – turn right:   

    – straight:     
  

   
       

    – left turn:     
 

   
       

 

(Allström, Hagring and Linderholm 2006) 

 

Total delay: 

 
         

    

 
     2.6 

 

Where the acceleration delay (    ) has been assumed to be: 

 
     

  

 
 

 

(Allström, Hagring and Linderholm 2006) 

 

It should be noted that the author of this thesis has had access to the source code of Capcal 

and has investigated the implementation of the delay performance measures. From these 

investigations it seems that the total delay implementation does not completely match the 

documentation. The Capcal code computes the total delay as: 

 

                         2.7 

 

Where: 

     is the average delay due to the extra driving distance  

     is the deceleration delay 

     is the acceleration delay (same as above) 

   is the conflict delay 

 

Capacity 

The equation used to calculate the capacity in Capcal may also be of interest as Capcal after 

all is a capacity model.  

 

 
    

         

         
 2.8 

 

Where: 

   = Capacity 

   Circulating roadway flow 

               

               

  
  

    
 

   Critical gap time 

    Follow on time 

 

 

(Allström, Hagring and Linderholm, 2006) 
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2.4.4 Challenges 

When the Capcal model was developed, several decisions regarding simplifications were 

made. In model construction, it is necessary to make simplifications, or a very complex model 

that is a full replication of the reality would have to be constructed. However, the 

simplifications that were made in the model construction need to be re-evaluated as the model 

becomes older and the usage of it changes. For example, there is an assumption that the 

exiting vehicles do not affect the entering vehicles at the same arm (Hagring, 1998). For the 

larger roundabouts that were common at the time the model was built, it was perhaps a valid 

assumption that reduced the model complexity without affecting the results too much, but it 

might not be valid anymore for the smaller roundabouts that have become common in the 

later years. It should be noted that while there existed smaller roundabouts than 25 meters 

weaving length when the last major data collection was performed, it was very hard to find 

small roundabouts with high saturation rates. In order to do gap acceptance analysis there 

need to be queuing situations at the minor approach.  

 

2.5 Other comparable models 

In other countries than Sweden, there exist other models that are used for capacity estimation. 

Allström, Olstam and Thorsson (2008) tried to find out which intersection model that is most 

suitable as an alternative to Capcal for Swedish conditions. They started with 43 models and 

narrowed it down in several steps. In the first step, they removed all programs that did not 

support all intersection types that were of interest. After that nine software packages/models 

remained. In some cases, there were several programs; one for each intersection type, and for 

the American HCM model, several programs implemented it. After reducing these duplicates 

and excluding programs that did not handle roundabouts, five models/softwares remained. In 

this thesis, these five models will be studied through a literature review to see how well they 

handle small roundabouts. The five models/softwares are: 

 

 SIDRA INTERSECTION from Australia 

 Arcady/Rodel by TRL in UK 

 HCM (Highway Capacity Manual) from the US 

 Kreisel from Germany 

 DanKap from Denmark  

 

Before getting into each model, some general notes about differences between Capcal and 

other models should be mentioned. In Capcal, the size of a roundabout is mainly given by the 

weaving length while most other models use the inscribed diameter. The inscribed diameter is 

defined as the diameter at the outer side of the circulating road. Often it is defined as being 

measured diagonally from one corner to another. See Figure 1.1 (page 3). 

 

To make the lower size limits of the international models somewhat comparable to the 16-

meter limit of the weaving length in Capcal, a simple relation is here presented. It should be 

noted that this relation contains some simplifications and is only intended to be used to get a 

brief conversion between the two measurements.  
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Make the following assumptions: 

 

1. The  inscribed diameter is measured from one splitter island to another 

2. Assume a 4-way roundabout with 90 degree angle between the arms 

 

Denote: 

 d  =  inscribed diameter 

 l  = weaving length 

 r = splitter island width 

 

 
Figure 2.2 Illustration of how the weaving length to diameter conversion is structured 

using geometry.   

Then using simple geometry, a model can be formulated as the equations below.  

 

         
 

Or 

 

  
   

  
 

 

Through an assumption that the splitter island has a width of one meter, it has been possible to 

make a 2D plot over this simple relation between weaving length and inscribed diameter. This 

relation has been plotted as a solid line in Figure 2.3 below. The upper limit of a mini-

roundabout diameter is 25 meters in Germany (Brilon, 2004) and the USA (Robinson, 2000), 

which using this relationship, would convert to a weaving length of about 16-17 meters.  

 

Apart from this constructed relationship, some other related information has been found in 

two different references. In Hagring (2004), a regression line has been fitted to the relation 

between weaving length and the radius of the roundabouts in the data set used by Hagring 

(1998). The resulting equation became                       . This regression line has 

been included as a dashed red line in Figure 2.3. In the model documentation (Allström, 

Hagring and Linderholm, 2006) there is a note regarding that when the geometric delay is 

computed, the roundabout radius is approximated to be a half weaving length.  
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2.5.1 Lower size limits 

The lower size limits of the five alternative models have been investigated through study of 

the literature and are presented as a summary in Table 2.1 below. After that follows a section 

for each model where some details are presented that were found in the literature review of 

that model. 

 

 
Figure 2.3 The solid line shows the relation between weaving length and inscribed 

diameter based on the formula above, with the assumption of 1-meter wide 

splitter islands. The horizontal solid line shows the commonly used upper limit 

of mini-roundabouts. The diagonal dashed line shows the regression line that in 

Hagring (2004) was fitted to the empirical data collected by Hagring (1996).  
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Table 2.1 Comparison of the smallest supported roundabout sizes for the five studied 

international models. 

 SIDRA TRL (Arcady/ 
Rodel)  

HCM Kreisel DanKap 

Smallest allowed 
inscribed 
diameter 

14 meter 13 meter  (non-
mini-rbt) 

Geometry does 
not affect the 
capacity 

13 meter4 
(mini-rbt) 

? 

Smallest 
inscribed 
diameter in the 
empirical data 

16 meter 13,7 meter ? ? ? 

Comments  Arcady has a 
separate model 
for mini-
roundabouts 
with a minimum 
weaving length 
of 5 meter. 

Currently neither 
HCS nor Syncro 
implements the 
roundabout 
model. 

 

 

 

2.5.2 SIDRA INTERSECTION 

In the evaluation of intersection models that Allström, Olstam and Thorsson (2008) has 

carried out, Australian SIDRA INTERSECTION came out as the main alternative to Capcal 

for Swedish intersections. In their tests they found that for one-lane roundabouts that SIDRA 

predicts a lower capacity than Capcal. 

 

In SIDRA (2007) it is documented that Australian SIDRA INTERSECTION handles 

roundabouts down to 14 meter in inscribed diameter. This is because the smallest inner 

diameter is 4 meters and the minimum width of the circulating road is 5 meters. In an email 

from SIDRA received 2010-01-22 (GMT + 1), Akçelik explains that this limit is somewhat 

arbitrary. Akçelik further explained that to calibrate the model, they have used a large set of 

input data and has been able to conclude that smaller roundabouts have smaller critical gap 

times and follow on times than large ones. However, he also underlines the importance of 

calibrating the model for local conditions since the most important factor for the capacity, is 

the driver behaviors. In Akçelik (2008), the importance of driver behavior is covered more 

thoroughly where he in the conclusions mentions a large number of examples of local 

conditions such as weather conditions and differences in driver behavior between large and 

small cities.  

 

From Table 1 in Akçelik (2007)
5
, it can be seen that the smallest roundabout used to calibrate 

the SIDRA model was 16 meters in diameter, and that the 15 percentile was at 28 meters in 

diameter. In total, the material contained 55 roundabouts, which gives            

roundabouts with a diameter up to 28 meters.  

 

Akçelik (2007) mentions that the headway distribution for the circulating flow is largely 

impacted by the OD distribution of the arriving flow. Furthermore, he mentions that the 

                                                 
4
 According to the website, Kreisel supports calculations of mini-roundabouts which they define as having an 

inscribed diameter of at least 13 meters. However, it is not explicitly stated that the model really allows mini 

roundabouts down to 13 meters.  
5
 The same table can also be found as table 5.3 in the user manual (SIDRA, 2007). 
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capacity at the approaches differs depending on how the OD flows are distributed.  According 

to the author, there is no other model than SIDRA INTERSECTION that handles this. He lists 

TRL and HCM as examples of two models he know does not take into account how the OD 

distribution affects the capacity. 

 

According to Akçelik (2007), the aggression level of a capacity model is of higher importance 

for accurate results than whether a traffic theory based model or a statistical based model such 

as the UK model is used. The SIDRA model has a low aggression level at the approaches 

while the TRL model from UK has a higher aggression level. In SIDRA, each lane is modeled 

while TRL models the entire approach as a single flow.  

 

2.5.3 TRL (Arcady/Rodel) 

TRL is a UK based transport research laboratory that has developed a roundabout model that 

has been implemented in two different softwares: Arcady and Rodel. In contrast to many 

other models, they did not base their model on traffic theory. Instead, they have used 

regression analysis to build a model that relates a number of input data parameters to the 

capacity. They found six parameters to be significant for the capacity: 

 Entry width (width of the flare
6
 at the point where the entry is connected with the 

circulating road) 

 Approach half-width (half width of the approach road) 

 Effective flare length (length of the flare) 

 Flare sharpness 

 Inscribed circle diameter 

 Entry radius (the minimum radius of the entry curvature) 

(Kinzel & Trueblood, 2004), (TRL) and (Robinson, 2000) 

 

Furthermore, the TRL article Roundabout Design For Capacity and Safety: The UK 

Empirical Methodology, informs that out of the six significant parameters, the following three 

parameters were found to have highest importance: 

 Entry width 

 Approach width 

 Flare length 

 

Through an e-mail Graham Burtenshaw at TRL has told that Arcady handles three types of 

roundabouts: 

 Standard roundabouts of 13-170 meters inscribed circle diameter 

 Grade separated or large roundabouts of 130-170 meters in inscribed circle diameter. 

By selecting this type, the capacity relation changes. 

 Mini-roundabouts. For mini-roundabouts the weaving length is used instead and the 

allowed lengths are 5-20 meters. 

 

The smallest roundabout in the data used when the model was constructed in the 1970s was 

13.5 meters and the largest was 172 meters. 

 

Robinson et al (2008) conveys that British studies has found that roundabouts can be divided 

into those which has an inscribed circle diameter of 50 meters or less and those which are 

                                                 
6
 Flare = Widening of an entry to allow multiple lanes side by side at the yield line 
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larger than that. For the roundabouts with an inscribed circle diameter of less than 50 meters, 

the actual value of the diameter has lower importance for the results than for the larger 

roundabouts. The TRL model handles both cases.  

 

2.5.4 HCM (HCS/Synchro) 

The American highway capacity manual (HCM) from year 2000 contains a simple 

roundabout model. It does not consider roundabout geometry and does only handle one-lane 

roundabouts. At the time of writing this thesis, the new HCM 2010 was still under 

development and therefore the focus has been on HCM 2000. The factors that are included in 

the 2000 model according to Kinzel (2004) are: 

 

 Circulating flow 

 Critical gap time 

 Follow-on time 

 

HCM 2000 has been implemented by two American software packages, HCS and Synchro. 

However, neither of them implements the capacity model for roundabouts (Allström, Olstam 

and Thorsson, 2008). SIDRA INTERSECTION from Australia has a version that has been 

calibrated against HCM 2000. It should be noted that while some parts of HCM 2000 are 

included, they have not implemented a full HCM 2000 model. Some parts are the Australian 

model that has just been calibrated to fit better with HCM 2000 and the traffic conditions in 

the USA. The one-lane roundabout model, which is probably the most interesting part of 

HCM 2000 for this thesis is included in SIDRA INTERSECTION (SIDRA, 2007). 

 

2.5.5 KREISEL 

The German software Kreisel is based on the German highway capacity manual, HBS 2001. It 

also includes a correction that was suggested by Brilon and Wu (2008) (Bps-verkehr, 2010a). 

According to their website, mini roundabouts can be calculated. At another part of the 

website, they have defined mini roundabouts as 13-25 meter in inscribed diameter with a 

completely passable center island (Bps-verkehr, 2010b). 

 

2.5.6 DANKAP 

To use the DanKap capacity model from Denmark, there are both a computer program for 

automated computations and a computation manual for hand computations. In the manual, 

they recommend capacity calculations for roundabouts that have a higher total flow than 1000 

pcu/h during the rush hour. Their motivation is that when the flow is less than 1000 pcu/h, 

there are usually not any capacity problems (Vejregelrådet, 2008). 

 

The DanKap model is based on the gap acceptance theory, but in contrast to Capcal it handles 

bikes and mopeds separated from other traffic instead of converting everything to passenger 

car units early on in the computations. Depending on if the roundabout is located in the city or 

in the countryside, there are different critical gap times and follow-on times for DanKap. See 

Table 2.2 below: 
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Table 2.2 DanKap uses different critical gap time values in cities and in the countryside as 

well as having differentiated values for one-lane and two-lane roundabouts. The 

table has been taken from Vejregelrådet (2008). 

 
 

From the calculation descriptions in the manual (Vejregelrådet, 2008), it emerges that there is 

a correction factor for the entry capacity based on the adjacent exit flow. If the exit flow at the 

exit just before the entry is higher than 400 pcu/h, then the entry capacity is reduced by 10% 
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3 Data processing & analysis 

 In this chapter, a method description of the data processing and analysis will be given.  

 

3.1 Data collection 

The data used in this thesis was collected by the SNE-project. In total 12 roundabouts were 

captured on video under rush hour conditions, six of them in Stockholm and six in the 

Malmö/Lund area. The six best roundabouts were selected for further analysis. Two factors 

that were used to evaluate the goodness of the roundabouts was the amount of queues and 

pedestrians. While high amounts of pedestrians were not of interest for this thesis, Astrid 

Bergman (2010) has studied pedestrians at the roundabout exits in her thesis using the same 

observations as input data. For this thesis, the situations with queues on one approach and 

high major flow were interesting as input data for the analysis. In Table 3.1 below, the six 

selected roundabouts are listed with their location and street names as well as the roundabout 

title that will be used in this report to refer to the different roundabouts. 

Table 3.1 The location and street names of the six studied roundabouts. In this thesis, the 

roundabout titles are used to refer to the different roundabouts. 

Roundabout title Location Street names 

Järfälla Järfälla, Stockholm Tomérvägen – Folkungavägen 

Lund Lund, Skåne Kung Oscars Väg – Kävlingevägen 

Solna Solna, Stockholm Gustav III:s boulevard – Kolonnvägen 

Täby Täby, Stockholm Täbyvägen – Byalagsvägen – Rosjövägen 

UV - Kyrkvägen Upplands Väsby, Stockholm Husavägen – Kyrkvägen 

UV - Mälarvägen Upplands Väsby, Stockholm Lövstavägen – Mälarvägen – 

Jupitervägen 

 

At each roundabout, a specific approach has been selected as the minor approach. While the 

flow on all arms has to yield for the circulating traffic, only one of these minor flows has been 

studied for each roundabout. Therefore, the approach that holds the studied minor flow has 

been called the minor approach. In Table 3.2, the arm that holds the selected minor approach 

has been shaded. In the same table the geometry of each arm is given as well as the street 

name and direction of the arms. Some street names have been abbreviated to save space here 

and in other tables. .”vägen” is Swedish for street/road in definite article, and is commonly 

abbreviated as a single v at the end of street/road names. For example, “Kyrkv” is short for 

“Kyrkvägen”. The given geometry includes, diameter, weaving length, weaving width, entry 

lane width and exit lane width. 

 

In the material, all roundabouts have a weaving length that is less than 25 meters, but only 

two of them have a weaving length less than 16 meter, which is the current lower limit in 

Capcal. If the size is expressed in diameters, there is three roundabouts with a diameter of 30 

meters, one 28 meters, one 26 meters and one 24 meters. Half of the roundabouts have three 

arms, and half of them have four arms.  
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Table 3.2 Geometry of studied roundabouts 

Roundabout Street name Direction d L B              

Järfälla Tomérv N 26.0 15 7.4 4.7 6.4 

 
Folkungav E 

 
16 7.4 4.4 6.3 

 
Folkungav W     5.9 4.3 5.1 

Lund Kävlingevägen NW 24 12 9.2 7 4.7 

 
Kung Oskars väg E 

 
20.5 

 
5.8 6.7 

 
Kävlingevägen SE 

 
12 

 
6.3 4.7 

 
Kung Oskars väg W   20.6   5.3 7.2 

Solna Gustav III:s boulevard NE 30 17 7.9 4.9 6.5 

 
Kolonnv SE 

 
17 8.4 5.2 5.9 

 
Kolonnv NW     7.3 6.0 4.5 

Täby Täbyv N 28.0 18.6 6.4 5.9 6.4 

 
Byalagsv E 

 
18.2 6.5 5.5 6.3 

 
Täbyv SE 

 
18.1 6.6 5.6 5.1 

 
Rösjöv W   21.3 6.6 4.8 5.5 

UV - Kyrkv Husav N 30.2 20.1 7.3 4.9 6.0 

 
Husav SE 

  
7.1 6.5 6.1 

 
Kyrkv W   19.3 7.8 4.9 6.8 

UV - Mälarv Lövstav N 30.0 19.7 7.5 5.7 6.9 

 
Mälarv E 

 
16.1 8.5 5.5 4.7 

 
Jupiterv SW 

 
19.4 6.7 4.3 7.7 

 
Mälarv W 

 
12.8 12.2 8.5 4.9 

 

3.1.1 Video analysis 

The videos of the six selected roundabouts were analyzed by Andrey Edemskiy at KTH to 

produce data logs over the vehicle movements. A program called SAVA was used in which 

the user defines a set of lines and then logs when vehicles pass these lines. Each vehicle were 

given a vehicle number that is kept trough the roundabout so that individual vehicles can be 

tracked. For each video a log file were produced that contains one line for each logged 

passage with vehicle id, vehicle type, line id and the passage time. This is illustrated in Table 

3.3 below. It should be noted that not every vehicle was logged by KTH. Only vehicles 

participating in conflict situations at the conflict point were logged. However, all vehicles that 

were logged at some detector were logged for all other detectors that they passed.  

Table 3.3  Data stored for each passage 

Id Type Line Id Passage time 

 

As part of the input analysis, a set of validation rules were constructed to as far as possible 

validate that no line loggings were missing for an individual vehicle. For example, if a vehicle 

only enters the roundabout but never leaves, that is one such thing that would turn out as a 

warning by this validation tool.  

 

The location of the detector lines are of importance for the analysis that has been carried out 

for this thesis and will therefore be given some extra attention. The virtual detectors are 

numbered using a system that is consistent over all roundabouts using the studied minor 

approach as a basis for the numbering. In List 3.1 below, each detector number that is used in 

Figure 3.1 and Figure 3.2 below have been given a name, which will be used instead of the 

numbers through this report.  
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Figure 3.1 Detector line overlays on two different videos    

 
Figure 3.2 Placement of virtual detectors for a generic roundabout with four arms. The 

studied conflict point is located where line 6 and 14 crosses each other.  

List 3.1 Names for the virtual detectors in Figure 3.2. 

1 Minor entry detector (vehicles that pass this detector are considered minor) 

4  Yield line arrival detector 

5  Yield line departure detector 

6 Minor conflict point detector 

7, 9, 11 Exit detectors 

13 Major entry detector (vehicles that pass this detector are considered major) 

14 Major conflict point detector 

23 Major exit detector (detects major vehicles that exit the roundabout before the 

conflict point) 

 

In the event of zebra crossings, there are a few more detectors for pedestrians and to detect 

when vehicles has passed over the zebra crossings. These detectors have not been used in this 

thesis and have thus not been included in the list above. For most of the detectors, the 

operator of the SAVA program has activated the detectors when the first of the front wheels 

crossed the detector line. There were one exception though – the yield detectors. It is common 

that drivers do not stop exactly at the yielding line but rather before or after it. Because of 

this, the yield line arrival-detector has been activated when the vehicle stops, and then the 

yield line-departure detector has been activated when the vehicles start to move again rather 

than linking the yield line detectors to an exact position. Vehicles that never stop have 
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activated both the yield line arrival and departure detector as the yielding line is passed. It 

should also be noted that it is fully possible for a vehicle to first arrive as a minor vehicle, 

make a u-turn, and then pass the major entry detector. In some cases, such vehicles have been 

logged as two separate vehicle ids in the SAVA log files but not always.  

 

3.1.2 SAVA log metadata 

Some basic numbers such as number of minor/major vehicles and distribution of heavy and 

light vehicles for the SAVA log files are presented in Table 3.4, Table 3.5 and Table 3.6. It 

should be noted that the portion of light and heavy vehicles presented here are only presented 

to show the distribution of light and heavy vehicles in the gap acceptance input data. These 

data has not been used to model the roundabouts in Capcal.  

Table 3.4 Number of minor vehicles per vehicle type and roundabout that participate in 

gap acceptance situations. Follow-on vehicles are not included in this table. 

Roundabout Light Heavy Total 

Järfälla   66 1   67 

Lund 101 1 102 

Solna 228 3 231 

Täby 149 5 154 

UV - Kyrkvägen   53 6   59 

UV - Mälarvägen   39 5   44 

 

Table 3.5 Number of minor vehicles per vehicle type and roundabout that participate in 

follow-on situations.  

Roundabout Light Heavy All 

Järfälla   65 0   65 

Lund   37 0   37 

Solna 185 5 190 

Täby   37 0   37 

UV - Kyrkvägen   25 0   25 

UV - Mälarvägen     7 0     7 

 

Table 3.6 Total number and portion of heavy vehicles for the major and minor stream 

vehicles that participate in conflict situations.  

 
Major Minor 

Roundabout Total % Heavy Total % Heavy 

Järfälla 121   0 157 1 

Lund 285   3 162 1 

Solna 339   2 463 2 

Täby 355   3 246 2 

UV - Kyrkvägen 113   3 118 6 

UV - Mälarvägen 354 10 57 9 
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3.1.3 Manual vehicle counts 

Since the vehicle logs only contain a subset of all vehicles, additional manual counting has 

been performed on all major/minor vehicles during the logged periods. This has been done in 

order to get heavy vehicle ratios that has been used when models of the studied roundabouts 

has been built in Capcal. The results of these counts are presented in Table 3.7 below. Since a 

different, larger set of vehicles, is used compared to the counts presented above, the ratios can 

differ slightly. 

Table 3.7 Total number and portion of heavy vehicles for all major and minor stream 

vehicles during the logged time periods. 

 
Major Minor 

Roundabout Total % Heavy Total % Heavy 

Järfälla 292 0 157 1 

Lund 813 2 213 1 

Solna 813 2 791 2 

Täby 575 5 327 2 

UV - Kyrkvägen 388 4 215 6 

UV - Mälarvägen 399 11 57 9 

 

3.1.4 Complementary data collection 

While most of the data used in this thesis was collected by others, some complementary 

collections have been made for data that was needed by this thesis but was not included in the 

agreement with KTH. In some cases it was not until later in the project that it was realized 

that the data was needed. Using the same video files and the SAVA program, all minor right 

turning vehicles that were not logged by KTH have been logged. These additional loggings 

has been done for the arrival detector (1), the conflict point detector (6)
7
 and at the right turn 

exit detector (7), so that the mean travel time through the roundabout could be computed. 

Since the yield line detectors were not to be used, no additional loggings were performed for 

those detectors. This has saved some time as it took the SAVA-program about 3-5 seconds to 

validate and process each new line detection. In order to calculate the mean conflict delay 

from the observations data, additional collections have been performed to collect the travel 

time from the entry detector (1) to the right turn exit detector (7) for free vehicles. The 

definition of free vehicles is that they have not been affected by a conflict or speed negotiation 

with the major flow nor had a too short gap to the vehicle in front of it. If the distance to the 

vehicle in front have been too short, it could be possible that the speed selection were 

influenced by the vehicle in front. The number of observations for these two time counts 

listed in Table 3.8 below. The reason why there are sometimes more vehicles in the “free” 

column than in the “all” column is that for “free”, the entire video was considered while for 

the logging usually only one hour was used of the videos. It was assumed that the behavior of 

free vehicles do not depend on the time of day. 

 

  

                                                 
7
 The analysis routines written in this thesis, uses the conflict point detectors (detector 6 and 14) to identify if a 

vehicle is minor or major. Otherwise, the conflict point detector would not be necessary to compute the right turn 

travel-time for minor vehicles. 
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Table 3.8 Number of observations of the right turn travel time for free vehicles and for all 

vehicles.  

Roundabout All Free 

Järfälla - - 

Lund 109 37 

Solna 53 44 

Täby 209 40 

UV - Kyrkvägen 101 40 

UV - Mälarvägen 24 30 

 

A table with geometric data for the analyzed roundabouts was provided from Trivector Traffic 

and KTH. In order to validate the geometric values in the table, measurements were made 

using maps over the roundabouts. In some cases, the maps were obtained from the 

municipalities and in some cases, the publicly available satellite images were good enough to 

be used. The aim with the validation was to make sure that data about the right part of the 

roundabout was written at the right place in the table. In Table 3.2, the corrected roundabout 

geometry has been included. 

 

3.2 Critical gap time 

A problem with critical gap times is that it is not possible to observe them by watching 

individual drivers. While it is possible to observe the individual yielding vehicles and see 

which gaps they reject and which they accept, it is not possible to identify the critical gap for 

each individual vehicle. Instead, in order to get the critical gap time, a method that use the 

individual observations and estimate the critical gap value at an aggregated level has to be 

applied.  

 

In order to estimate the critical gap time, there exist many methods, which can be divided into 

two perspectives. Either watch each yielding vehicle and observe the gaps that pass by, or 

watch each gap in the major flow and count how many vehicles that uses the gap and the 

actual length of the gap. The second method may seem attractive as it can be used to estimate 

both   and   ; however, it has a major drawback – it requires that there is a constant queue at 

the yielding line so that all gaps in the major stream are utilized by as many vehicles as 

possible. This constant queue requirement is unfortunately not fulfilled for the data used in 

this thesis. Another reason for not choosing this method is that Hagring (1996) and Hagring 

(1998) did not use this method when he did his data collection for the last improvements to 

the roundabout model in Capcal. 

 

3.2.1 Observed gap times 

The method used in this thesis as well as by Hagring, takes the perspective of the yielding 

vehicles, and for each vehicle at the yielding line, it records the length of the longest rejected 

gap as   and the finally accepted gap as  . If a lag is accepted,   is set to zero and   becomes 

the time between the accepting vehicle and the following vehicle in the gap which can be seen 

in Figure 3.3 below. This will result in a table with one   and one   column that has one line 

per minor vehicle. When several vehicles accept the same gap, only the first one will be 

included in the table. If an individual observation has a higher rejected time than accepted, 

then the observation with both   and   will be rejected. An example table is shown below as 

Table 3.9. 
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Figure 3.3 When a minor stream vehicle accepts a lag, the gap time is measured from when 

the vehicle joins the gap at the conflict point, not when the front vehicle pass the 

conflict point, as with gap times.  

Table 3.9 Example records of per vehicle: maximum rejected gap time and accepted gap 

time. 

    

2.3 4.8 

3.5 7.2 

0 3.7 

3.9 5.2 

 

3.2.1.1 Estimating observed critical gap time 

Given a data set with   and   as described above, there exist many ways to get an estimate of 

the critical gap time for the whole population. Hagring (1998) used a maximum likelihood 

method originally proposed by Miller and Pretty (1968). This method tries to maximize the 

likelihood (probability) that the given data have been obtained through observations of the 

system. Through this maximization, the parameters of a function that decides if a gap is 

accepted or not are found. The general form of the ML-method is shown in equation 3.1, 

where G(t) is a function that gives the probability that the gap time t is accepted. Hagring 

(1998) used the both the M3 and Normal distribution for the G-function.  

 

 
                   

 

   

 3.1 

 

To solve the maximization problem, the equation can be rewritten as following (Hagring 

1998): 

 

 
 

           

           

 

   

   3.2 

 

The g(x) and G(x) functions for the normal distribution are: 

 

 
     

 

    
 

 
      

    3.3 
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   3.4 

 

Thus, solving the maximization problem is non-trivial. Work has been done to try to solve the 

maximization problem both with the normal distribution and the M3 distribution without 

finding a general solution. 

 

Simplified ML 

While it has been an aim to use similar methods to Hagring (1998), it did not turn out to be 

feasible to within the time constraints to figure out how to use his ML-method. Instead, in this 

thesis a simplified ML-method has been used. G has been assumed to be a step function that 

switches from probability 0 to 1 at the critical gap time T. Thus G(t) can be written as 

 

 
      

            
           

  3.5 

 

G(a) - G(r) can then be rewritten as a new function γ(a, r). Gamma can be read as a function 

that is 1 if and only if an observation would have happened given the value of T. In other 

words if the observation is valid for a given value of T, gamma will be 1, otherwise 0. 

 

 
        

                   
               

  3.6 

 

If there is no T value that satisfies         for all T values, then the product operation 

(Equation 3.1) will become zero. Since drivers are inhomogeneous, it is likely that there will 

be at least one pair of observations that makes it impossible to satisfy         for both 

observations. Because of this problem, this thesis uses a modified ML-equation with a regular 

sum instead of the capital-pi product operator. By using a sum, an observation that is valid 

with regard to the critical gap acceptance value T will contribute to the sum and those 

observations that should not have happened will simply not add to the sum. By maximizing 

the sum, a T will be selected that maximize the number of observations (a & r pairs) that are 

valid with respect of the chosen T value.  

 

 
              

 

   

 3.7  

 

Optimization 

In order to solve the maximization of the sum, an optimization problem has been created and 

solved. This optimization problem has been formulated as an Integer Linear Problem. One 

variable    per observation is used to keep track of which observations that has    . Since it 

is a maximization problem, all    variables want to be 1. Thus the constraints must be 

constructed such that if          is zero, then    must be zero and if          is one, then    

should be allowed to be 1. However, there does not need to be any constraints that force    to 

be 1 since the target function will try to change it to be 1 in order to maximize the sum. M 

should be interpreted as a big number in relation to  ,   and  . The first constraint works such 

that if    is    then the condition is fullfulled and    is allowed to be 1. If    on the other 

hand is   , then    has to be 0 so that M is added to the left hand side so that the    
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condition is fullfilled. The second constraint force    to be zero if    does not fullfill the 

requirement of being less than  . 

 

         

                         

         

                

            
                 

 3.8 

 

After solving this optimization problem the critical gap time is given by the variable  . The    

variables will tell which observations are correct in respect to the chosen critical gap time 

value. Correct in this context means that the         condition holds.   is the number of 

observations that are correct. However, only the value of the T variable as output from the 

simplified ML-method. The other variables are just help variables that are needed in order to 

determine the critical gap acceptance value. 

 

The optimization problem has    constraints where   is the number of observations. Thus, 

the problem size easily grows over the limits of both Excel and the student edition of AMPL. 

In this thesis, the free optimization server NEOS
8
 has been used to solve the optimization 

problem for the roundabouts where the number of observations is too high for the student 

edition of AMPL. Out of        problems
9
, three of them were large enough to require 

the use of NEOS for solving them. 

 

3.2.2 Calculating critical gap times  

In the literature review, the equation that is used in Capcal to compute the critical gap time 

was given as Equation 2.2 (page 18). Using this equation, the critical gap time has been 

computed for all roundabouts for comparison against the observed critical gap times. The 

same has as well been done for the follow-on times using Equation 2.3. The results of these 

calculations have been presented in Table 5.1 (page 48). 

 

3.3 Follow-on times 

Hagring (1998) estimated the follow-on time,    as the mean follow-on time. A reasonable 

condition that he did not mention in his thesis is to include only follow-on vehicles that are in 

queuing conditions. Otherwise, if there are periods in the data sets with low minor flow, that 

will affect the estimated follow-on time and thus the capacity model. If all vehicles are 

considered without any queuing condition a follow-on time distribution as the one in Figure 

3.4 is obtained.  In VISSIM 5.10, vehicles are by default defined to enter a queuing state 

when the headway is less than 20 meters and the speed is less than 5 km/h (PTV, 2008). The 

speed limit found in VISSIM would be hard to implement using the available data, but a 

distance limit is possible using the detectors. In this thesis, the queuing constraint decided 

upon was to include only follow-on vehicles if the first vehicle in front of them was still 

                                                 
8
 http://www-neos.mcs.anl.gov 

9
 Gap time estimation has been done for each roundabout using all, light and heavy vehicles. 
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between the minor entry detector and the minor conflict point detector when the follow-on 

vehicle passed the minor entry detector. It should be noted that the distance between the 

minor entry detector and the yielding line vary between the studied roundabouts. At all but 

one roundabout (Täby), the distance between the entry detector and the yield line is long 

enough to fit more than one light vehicle. In Täby, there is still however space between the 

entry and conflict detector for two pairs of front wheels to be present between the detectors. In 

Figure 3.5, the follow-on distribution is shown for Upplands Väsby – Kyrkvägen again, but 

now with the queuing condition implemented. 

 

For all roundabouts, the observed follow-on time (  
   ) has been calculated as the mean 

value of all observations. An observation is a vehicle that uses the same gap as a vehicle in 

front and fulfills the queuing condition. The follow-on time of a vehicle is determined as the 

time difference of when they visit the conflict point detector. 

 

 
Figure 3.4 Follow-on time distribution for Upplands Väsby – Kyrkvägen, without any 

queuing conditions. 

 
Figure 3.5 Follow-on time distribution for Upplands Väsby – Kyrkvägen, with the choosen 

queuing conditions. 
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3.4 New gap acceptance model 

In order to estimate new T and T0 equations, multiple regression analysis has been used. 

Regular linear regression analysis can be used to estimate the coefficients a and b in     
    if a set of Y and X observations is given. Y is then the dependent variable and X is the 

describing variable. See Figure 3.6 for an illustration. If there is more than one dependent 

variable on the form             
 
   , multiple regression analysis has to be used to 

estimate the a and    parameters. In this case it is not possible to make nice 2D-plots of the 

resulting equation (Andersson, Jorner and Ågren, 2007). 

 

 
Figure 3.6 Illustration of regression analysis with one dependent variable. 

As long as observations of Y and all    variables are available, it would in theory be possible 

to make multiple regression analysis of a huge set of dependent variables. However, in 

practice the number of observations available often set limits to how many dependent 

variables that can be used in multiple regression analysis. The STATISTICA book (StatSoft, 

Inc., 2010) recommends that there should be 10-20 observations per variable.   

 

In this thesis, there are no more than six observations, which is clearly less than both 10 and 

20. On the other hand, Capcal uses a   equation with two dependent variables. Using more 

than two dependent variables would clearly not be any good with only six observations, but 

having only one dependent variable would not give much room for analysis. Therefore, it was 

chosen to allow for up to two dependent variables in the regression analysis that has been 

performed in order to estimate new T and T0 equations. 

 

As possible dependent variables, geometric and flow data was used. The following describing 

variables were selected for further study: 

 

   Length of the weaving section from the minor approach arm to the next arm 

   Width of the weaving section from the minor approach arm to the next arm 

   Inscribed diameter 

         Entry lane width 

       Lane width of the exit at the same arm as the minor approach arm 
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            Lane width of the exit at next arm from the minor approach arm 

  

 mHV Minor heavy ratio in percentage 

    Minor flow 

     Major continues flow 

     Major exit flow 

 

The selection of dependent variables to use for multiple regression analysis were done using 

2D-plots of      and   
    againtst each data parameter. Dependent variables were choosen 

based on how linear the data points look as well as based on expert knowledge as well as 

ideas on what parameters that would be interesting to study. For example, a model that uses 

the inscribed diameter would be interesting to try as most international comparable models 

use inscribed diameter instead of the weaving length. The lane width of the next exit was 

chosen for a    equation because there was a visible relation in the plot, which can be seen in 

Figure 3.7 below.  

 

Several multiple regression analyses were performed, and their fitting to the data were 

examined. The model based on the current Capcal T and T0 dependent variables and the new 

T and T0 model with lowest p-values and highest R
2
-values were selected for further study. 

 

 
Figure 3.7 T0 plotted against lane width of the next exit for all roundabouts. The circles are 

the observed follow-on times and the squares shows the calculated values using 

the default Capcal    equation.  
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3.5 Exiting flow factor 

In the current Capcal 3.3 version, the exiting flow at an arm does not affect the capacity of the 

adjacent entry. When the roundabout model was created in the seventies, most roundabouts in 

Sweden were large with big central islands. A theory is that with smaller roundabouts the 

exiting vehicles has a larger effect on the entry flow that cannot be neglected. In this thesis, a 

simple model for entry capacity reduction because of exit flow is tested. 

 

As input for the model construction, information about how other roundabout models 

implement this was used as well as information about how the Capcal model is structured. To 

simplify the implementation of the new model, it is useful to make a new model that is similar 

to existing entry capacity reduction-models. In Capcal, there exists a reduction of the entry 

capacity when there is a pedestrian flow that crosses an entry. In this model, the major 

continues flow (see Figure 3.8) is increased by 0.5 pcu
10

 times the pedestrian flow. The 

interpretation of 0.5 is here that a pedestrian corresponds to 0.5 passenger car units (Hagring, 

2004). The same idea with an increased major flow has been used when the new exit-flow-

factor model has been created.  

 

 
Figure 3.8 Illustration of major exiting and continues flow in relation to the minor flow. 

3.5.1 New model 

The new model takes a fraction of the exiting flow and adds it to the major flow.  The model 

has one parameter that needs to be estimated which is the factor of the major exiting flow that 

should be added to the major continues flow. This parameter would take a value between 0 

and  . In practice a value higher than 1 would probably not be used. It should be noted that 

the flow that is added to the major flow is only locally added to gap acceptance model 

computations for the current conflict of the current arm. The added flow does not travel 

anywhere else in the roundabout.  

 

 MCF = Major Continues Flow 

MEF = Major Exiting Flow 

E = Exit Flow Factor 

 

 

 MCF ||    MCF  +  E    MEF 3.9 

 

                                                 
10

 pcu = passenger car unit 
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3.6 Observed conflict delay 

In order to compare the conflict delay results from Capcal with something, data collections 

has been performed, which after a simple calculation gives an observed conflict delay value 

for each roundabout. For each roundabout two data sets has been collected: 

 

 Travel time for free vehicles (geometric time) 

 Travel time for all vehicles (total time) 

 

The travel time has been collected from the minor entry detector all the way to the exit 

detector for minor right turning vehicles. Free vehicles are defined as vehicles that do not 

interact with other vehicles in a gap acceptance situation nor do they have a vehicle in front of 

them that may influence the chosen speed. The mean travel time for free vehicles can be seen 

as a geometric base travel time, and it is thus labeled as the geometric time or GT for short. 

 

The second data set contains the travel time for all right turning minor vehicles; both delayed 

and free vehicles are included. The mean travel time over this data set gives a mean travel 

time for all vehicles, which is labeled as the total time or TT for short. 

 

The observed conflict delay       is computed as TT – GT, where both TT and GT are mean 

values. Interpreted into words it could be explained as: From the mean travel time, remove the 

static travel time component that is due to distance traveled and the geometry of the 

roundabout. The time that is left will be the delay that is caused by interaction with other 

vehicles. 

 

3.6.1 Minor right turns only 

The reason for considering only right turn vehicles is mostly to save time from being spent on 

data collection, so that more time can be spent on analysis of the results. The right turning 

vehicles have a shorter travel distance, and therefore they have a lower chance of being 

discarded from the subset of free vehicles. In addition, since each individual vehicle has to be 

followed from the entry point to when it exits before it is possible to continue with the next 

vehicle, it is easier to log vehicles with shorter travel time. Having fewer vehicles in the 

roundabout at the same time to keep track of reduces the risk of user errors.  

 

It was seen as a valid assumption that only comparing the computations of right turning 

vehicles with observations of right turning vehicles would not affect the credibility of the 

results. Even if left turning or trough traffic have a different conflict delay, it is the differences 

between observations and computations that is compared. 
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4 Model test 

In order to test the new critical gap time model and the exiting flow factor model, tests have 

been performed in Capcal where the model is compared against observations. These tests 

cannot be seen as true validation since the comparison results will be used to draw 

conclusions regarding which model that works best. See the discussion section for further 

discussions regarding this. 

 

These model tests have been structured such that a large number of scenarios have been 

created. Each scenario is a combination of roundabout selection, T and T0 model selection 

and a choosing the parameter value for the exiting flow factor. Each individual scenario has 

been ran in Capcal to obtain the by Capcal computed conflict delay. In order to draw 

conclusions regarding the model fit, the results of each scenario is compared to the 

observations of the roundabout used in the scenario. By aggregating the differences of all 

scenarios using the same T & T0-model and exit-flow-factor, a value of the model fit can be 

obtained.  

 

4.1 Comparison of performance measurement 

In order to get the level of fit between the Capcal results and the observed reality, there need 

to be a performance measure that can be obtained from both the Capcal results and the 

observations. The performance measure should be related to the capacity of the roundabout, 

otherwise the ability of the model to predict the capacity would not be tested.  

 

From Capcal there exist a few result values that are closely connected to the capacity: 

 

 Queue length [m] 

 Entry capacity [veh/h] 

 Conflict delay [s] 

 

Out of these result values, only the conflict delay is possible to measure using the available 

data. To measure the queue length, more data regarding the movement pattern at the minor 

approach would be required. The entry capacity is hard to measure without saturated 

conditions, which only exist under limited periods of time at the studied roundabouts. On the 

other hand, from the data loggings the time when vehicles visit the entry and the exit detectors 

of the roundabout are known. From the vehicle logs, the travel time could be obtained for all 

logged vehicles. Since not all vehicles were logged by KTH, the logs have been 

complemented with all missing right turning vehicles
11

. With complementary collections of 

travel time for the subset of free vehicles, the conflict delay could be computed as the 

difference between mean travel time and free vehicle travel time.  

 

4.1.1 Observed conflict delay 

From the vehicle passage logs, it is possible to read out the travel time of each vehicle going 

from one detector to another. Doing so, the mean travel time from minor flow entry detector 

                                                 
11

 The reason why only right turning vehicles are considered can be found in section 3.6.1 at page 35. 
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(detector line 1, see Figure 3.2) to the exit detector for right turning vehicles (detector line 7) 

has been be extracted from the SAVA output files. This mean travel time will be denoted as 

total time, TT, as it includes both geometric and conflict delay. By calculating the mean travel 

time of only vehicles that have not been delayed by vehicle interactions, another travel time 

can be obtained that will be denoted as geometric time, GT. By calculating the difference 

between the total time and geometric time, the interaction delay has been obtained. Since this 

interaction delay is based on data from observations, it is denoted as       where the 

subscript obs shows that it is based on observations. 

 

            
 

4.1.2 Calculated conflict delay from Capcal 

In the Capcal delay results, there exist three types of delays: geometric delay, conflict delay 

and total delay. The geometric delay is the delay due to the extra driving distance and slow 

down that those vehicles has to make due to the roundabout being there. The conflict delay is 

the delay due to interaction with other vehicles. It is worth to note that in Capcal both the 

conflict delay and the geometric delay contain deceleration delay that is only counted once in 

the total delay. Therefore, the total delay is not the sum of the geometric and conflict delay. 

 

It is critical to find a way to obtain the conflict delay from Capcal using the same definition as 

in the data collection. The delay factors that are included in the collected conflict delay are: 

 

 Deceleration 

 Queue delay 

 Waiting for acceptable gap at stop line 

 Acceleration 

 

In the Capcal model documentation (Allström, Hagring and Linderholm, 2006), the queue 

delay and waiting time for an acceptable gap is included in the conflict delay but not 

explicitly the deceleration nor the acceleration. For the geometric delay, the deceleration and 

acceleration are both computed and included. This is more obvious in the Capcal code than in 

the model documentation. Tests have been performed where the conflict delay has been 

exported from Capcal using all the four components listed above; however, that gave 

unreasonable high delays. Instead, the user manual (Hagring and Allström, 2008) has been 

consulted where the default conflict delay of Capcal has been defined as 

 

delay caused by conflict with other vehicles and/or waiting for green in a traffic 

signal (Hagring and Allström, 2008). 

 

This definition follows closely the components that have been included in the observed 

conflict delay values. Another benefit of using this output value from Capcal is that it is 

available by default and is thus used by the regular users of Capcal. Furthermore, this means 

that this thesis will evaluate the documented Capcal outputs according to the user manual 

rather than some hidden internal value. With the support of the user manual, the standard 

conflict delay from Capcal has been chosen as the conflict delay measurement to compare 

with the observations. This conflict delay, calculated by Capcal will be denoted as       , 

where the calc stands for the fact that the conflict delay has been calculated, as opposed to the 

observed conflict delay. 
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4.2 Capcal modeling 

In order to run tests in Capcal, all roundabouts had to be modeled in Capcal. Measured 

geometric data for each roundabout were used as well as flow counts from the videos to build 

the roundabouts in Capcal. There is one exception though; the entry lane widths have been 

caped at 4.9 meters even if there are measurements saying that the width is larger. The reason 

for this is that if an entry lane of 5 meters or wider is given, Capcal will create an implicit 

extra lane. However, from the videos it has been found that it is very seldom that vehicles use 

the extra space to wait side by side. In addition to that, the shortest short lane length allowed 

in Capcal is 16 meters which is clearly too long for the situations with just enough space for 

two vehicles side by side at the far end of the approach, but not earlier in the approach. 

 

The flow has only been observed for a few points that do not directly correspond to any OD-

relation. Several of the OD-relations in Capcal have been assigned a zero flow. The entire 

minor flow has been assigned as right turning vehicles. As was mentioned in section 3.6.1 

(page 41), input data has only been collected for right turn vehicles. Capcal do not add any 

delay at the exits due to high flows, so that is not a problem. The major continues flow goes 

forward, and the major exiting flow is turning right. In Figure 4.1 below, the allocation of the 

three flows in this study to the different OD-relations in Capcal. This can be compared with 

Figure 3.8 that illustrates the three measured movements. In a real world case, the major flow 

may come from any approach, but in the Capcal model all the major flow has been assigned 

to one approach as in Capcal it does not matter for the minor flow, where in the roundabout 

that the major flow enters. The used flow values that have been obtained from KTH are 

presented in Table 4.1 below. 

 

 
Figure 4.1 Allocation of flows to different relations in Capcal. 

Table 4.1 Counted flows in vehicles per hour for minor, major continues and major exit 

stream. 

Roundabout Minor 
Major 

Continues 
Major 

Exit 

Järfälla 349 269 380 

Lund 246 649 288 

Solna 435 647 284 

Täby 514 662 242 

UV - Kyrkvägen 293 249 279 

UV - Mälarvägen 104 646   82 
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4.3 Scenarios 

A scenario is defined as a specific roundabout with a set of model parameters. The varying 

model parameters are: which T & T0 model and which exit flow factor to use. There exists one 

scenario for each combination of these parameters. In addition to that, there is a default 

scenario for each roundabout where all the extensions developed in this thesis have been 

explicitly disabled. The default model configuration is in practice equivalent to using the 

original T & T0 model and an exit flow factor of 0.0. The values that each parameter can take 

are listed here below: 

 

 Roundabout      { Lund,  Solna,  Täby,  UV – Kyrkv,  UV – Mälarv } 

 T & T0 model    { original,  extern_wl,  cap_reest,  new1 } 
 Exit flow factor    { 0.0,  0.1,  0.2,  0.3,  0.4,  0.5,  0.6 } 
  
That makes a total of               scenarios including the default scenarios.  

 

Due to problems with collecting observed geometric and total time for Järfälla due to limited 

view, there was no point of running the Järfälla roundabout in Capcal since no comparison 

would be possible. Therefore, the Capcal results comparisons are only based on five 

roundabouts instead of six. 

 

4.3.1 Comparison of scenario results 

For each scenario, the difference between the calculated conflict delay and the observed 

conflict delay has been calculated as shown in the formula below: 

 

       
       calculated conflict delay for roundabout r, T&T0 model t and exit flow factor e 

     
       observed conflict delay for roundabout r, T&T0 model t and exit flow factor e 

      
       conflict delay difference for roundabout r, T&T0 model t and exit flow factor e 

 

       
            

           
              4.1 

 

In order to draw conclusions regarding how well the Capcal model using different model 

parameters fit the reality, mean difference over all roundabouts has been calculated for each 

set of model parameters. In addition to mean value, the absolute mean value has been 

calculated for each set of model parameters. The mean value calculations are given by 

Equation 4.2. Equation 4.3 gives the calculation of the absolute mean value, which is a mean 

value that is computed over the absolute value of each conflict delay difference. This was 

illustrated in Figure 1.7 at page 12. 

 

 
      

    
 

 
       

     

  

       4.2 

 

 
         

       
 

 
        

      

  

       4.3 
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4.4 Capcal modification 

In order to test the new T and T0 equations as well as the factor for major exit flow that affects 

the minor flow, these models has been implemented into Capcal with parameters to choose 

which T and T0 equation to use as well as setting the major exit flow parameter. This work 

was done by editing the source code and building a new executable for this thesis. 

 

During a few days at Trivector System in Lund, the necessary modifications to the Capcal 

code were carried out. The modifications that have been made are: 

 

 Export the T & T0 equations to an external script. The script gets the arm id, weaving 

length and heavy ratio as input from Capcal. Using the arm id, the script can gather 

more data from external sources such as xml files, databases etc. 

 From a file, read the additional continues flow for each arm. 

 Output the delays using four decimals instead of zero. 

 

Apart from that, no other changes have been made to the Capcal program. Batch-running has 

been implemented as an outer level script that run Capcal multiple times and feed it with fake 

keystrokes to perform the computations and exporting of the results to text files. 
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5 Results 

The results of this thesis can be divided into three parts. First, there are sub results of the 

model construction, then there is the constructed model and last comes the testing of the 

Capcal model against observations using the various constructed sub models.  

5.1 Critical gap time 

As has been described in the method chapters, the critical gap time and follow-on times have 

been estimated from the observations. These are denoted      and   
    respectively. In text, 

they are referred to as observed critical gaps. Using the   and    equations from the Capcal 

model documentation (Allström, Hagring and Linderholm, 2006), the critical gap time and 

follow-on times has also been calculated as Capcal would calculate them for each roundabout. 

These four values are displayed for comparison in Table 5.1 along with the difference 

between the observed and calculated values. The difference should be interpreted as the 

difference between the reality (observations) and the model (calculated values).  

Table 5.1 Comparison between calculated and observed critical gap times and follow-on 

times. 

 
Calculated Observed Difference 

Roundabout T T0 T T0 T T0 

Järfälla 4.67 2.34 2.92 4.27 -1.75 1.93 

Lund 4.87 2.35 3.28 2.32 -1.59 -0.03 

Solna 4.56 2.35 4.20 2.80 -0.36 0.45 

Täby 4.30 2.36 3.68 3.23 -0.62 0.87 

UV - Kyrkvägen 4.46 2.39 4.24 3.34 -0.22 0.94 

UV - Mälarvägen 4.90 2.43 3.12 2.62 -1.78 0.19 

Mean 4.63 2.37 3.57 3.10 -1.06 0.73 

 

In Table 5.2 and Table 5.3, detailed observed critical gap time and follow-on times are 

presented for all vehicles and for the two subsets of only light and only heavy vehicles.  

Table 5.2 Estimated critical gap time values for all light and heavy vehicles.  

 

 

  

Roundabout All Light Heavy 

Järfälla 2.92 2.92 - 

Lund 3.28 3.28 - 

Solna 4.2 4.2 0.28 

Täby 3.68 3.68 4.12 

UV - Kyrkvägen 4.24 4.12 5.44 

UV - Mälarvägen 3.12 3.68 3.12 

Mean 3.57 3.65 3.24 
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Table 5.3 Observed follow-on times for all, light and heavy vehicles.  

Roundabout All Light Heavy 

Järfälla 4.27 4.27 - 

Lund 2.32 2.32 - 

Solna 2.80 2.75 5.01 

Täby 3.23 3.23 - 

UV - Kyrkvägen 3.34 3.34 - 

UV - Mälarvägen 2.62 2.62 - 

Mean 3.10 3.09 5.01 
 

From the column with the critical gap time differences in Table 5.1, it is possible to see that 

all differences have the same sign (negative or positive). For the follow-on time that is not 

strictly true, but the only number with different sign than the other numbers has a rather small 

absolute value. Without making any unsupported conclusions, it could at least be seen that for 

the studied roundabouts, the Capcal equations overestimate the critical gap time and 

underestimates the follow-on time. These conclusions will be further discussed in the 

discussions chapter, but for now it is enough to see that new equations have the potential of 

improving the difference results and give a better model.  

 

5.2   and    equations 

Four combinations of   and    equations has been tested in Capcal, which ranges from the 

original equations in Capcal 3.3, through loosen weaving length restrictions and a re-estimate 

of the old equations to a completely new set of equations. First, all the equations are presented 

here, and then the detailed regression analysis results will be presented. 

 

original: The original equations from Capcal 3.3. The            function returns the 

larger value of the weaving length and 16. Thus, it sets the lower limit of the 

used weaving length to 16. 

 

                                         

                         
5.1 

 

 

extern_wl: The original equations from Capcal 3.3, but without the lower limit of minimum 

16 meter weaving length. 

 

                                

                         
5.2 

 

 

cap_reest: A re-estimation of the equations from Capcal 3.3. These include the same 

independent variables as the original equations, but all the constants have been 

re-estimated. Weaving lengths below 16 meters are permitted. 

 

                              

                       
5.3 
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new1: Through the procedure described in the section 3.4 New gap acceptance model, 

two independent variables per equation have been chosen and then the constants 

have been estimated using multiple regression analysis. Since many 

international models use the diameter instead of the weaving length, the 

diameter, d, has replaced the weaving length. Using 2D plots to get a general 

idea and then multiple regression analysis to test combinations, the remaining 

parameters were selected. Combinations that excluded the diameter was also 

tested but did not give a better model. 

 

                               

                                             
5.4 

 

A summary of the detailed multiple linear regression analysis results for the re-estimation of 

the Capcal equations are presented in Table 5.4 and Table 5.5. Detailed results for the new1 

equations are presented in Table 5.6 and Table 5.7. For the full regression analysis output, see 

Appendix B – Detailed regression analysis results. 

 

The b column in the regression analysis results tables gives the values used for the estimated 

constants. The t-column head shows that there are three degrees of freedom in the analysis 

and below the t-values are displayed. From a t-table it can be found that for three degrees of 

freedom a value above 2.35 is required to have at least 95% probability that the parameter 

estimation is correct. As can be seen in the tables, most parameter estimations have a lower 

value than 2.35 and do thus not fulfill the common requirement of a 95% probability of being 

correct. The p-value in the last column shows the significance level. Usually if the p-value is 

lower than 0.05 then the variable in a multiple-regression analysis is regarded as significant. 

The multiple R
2
 value shows how much of the variation that is explained by the estimated 

linear equation. In the case of the results in Table 5.4, the multiple R
2
-value is 0.44 which 

would be interpreted as that about 44% of the variations in critical gap times are explained by 

the equation (Andersson, Jorner and Ågren, 2007). 

Table 5.4 Multiple regression results for the re-estimation of the Capcal 3.3 critical gap 

time equation. 

  b 
Std Err 
of b t(3) p-value Multiple R2 p 

Intercept 1.86 1.16 1.60 0.21 0.44 0.42 

L 0.10 0.07 1.52 0.23   
 MinorHV 0.02 0.08 0.25 0.82   
 

Table 5.5 Multiple regression results for the re-estimation of the Capcal 3.3 follow on 

time equation. 

  b 
Std Err 
of b t(3) p-value Multiple R2 p 

Intercept 3.34 0.47 7.13 0.00 0.10 0.54 

MinorHV -0.07 0.10 -0.67 0.54   
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Table 5.6 Multiple regression results for the estimation of the new critical gap time 

equation using the diameter and portion of heavy vehicles as dependent 

variables. 

  b 
Std Err 
of b t(3) p-value Multiple R2 p 

Intercept -2.15 2.87 -0.75 0.51 0.57 0.28 

D 0.22 0.11 1.99 0.14   
 MinorHV -0.11 0.09 -1.22 0.31   
 

Table 5.7 Multiple regression results for the estimation of the new follow-on time equation 

using the roundabout diameter and lane width of next exit as dependent 

variables. 

  b 
Std Err 
of b t(3) p-value Multiple R2 P 

Intercept 6.91 2.14 3.23 0.05 0.81 0.08 

D 0.03 0.07 0.43 0.70   
            -0.76 0.21 -3.59 0.04   
  

As an early evaluation on how well the four models fit the observations, the critical gap time 

and follow-on time has been computed for all roundabouts using each model, which then has 

been compared to the observed gap and follow-on times. In Table 5.8, the calculated gap 

acceptance values are presented along with the corresponding observations. In the last 

column, the model that gave the best fit (smallest distance to the observed values) is 

presented. The model with the smallest average difference between the model result and the 

observations is the cap_reest model at 0.35 followed by the new1 at 0.93, the extern_wl 

model at 1.06 and finally the original model at a difference of 1.15.  

 

All difference values were made absolute numbers before calculating the means. For example, 

for the Järfälla and the original gap acceptance model, the difference (the fit) has been 

computed as: 

 

                  

Table 5.8 Calculated critical gap times for all the four gap acceptance models and the 

observed critical gap times for comparison. 

Roundabout original extern_wl cap_reest new1 observed best fit model 

Järfälla 4.67 4.67 3.38 3.51 2.92 cap_reest 

Lund 4.87 4.87 3.08 3.07 3.28 new1 

Solna 4.63 4.56 3.58 1.12 4.2 Original 

Täby 4.63 4.30 4.02 3.94 3.68 new1 

UV - Kyrkvägen 4.67 4.46 3.82 4.42 4.24 new1 

UV - Mälarvägen 4.90 4.90 3.16 4.37 3.12 cap_reest 

 

In the next table, Table 5.9, the model results and observations of the follow-on times are 

presented in the same way as the critical gap times has been presented in Table 5.8. The best 

model in average is the cap_reest model at a mean difference of 0.55 closely followed by 

new1 at 0.56. The other two models had a mean difference of 0.74. 
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Table 5.9 Calculated follow-on times for all four gap acceptance models and the observed 

follow on times for comparison. In the last column, the model that gives the 

lowest gap between the observed and calculated model is shown. 

Roundabout original extern_wl cap_reest new1 observed best fit model 

Järfälla 2.34 2.34 3.34 3.71 4.27 new1 

Lund 2.35 2.35 3.34 2.13 2.32 original, extern_wl 

Solna 2.35 2.35 3.34 3.92 2.8 original, extern_wl 

Täby 2.36 2.36 3.34 3.84 3.23 cap_reest 

UV - Kyrkvägen 2.39 2.39 3.34 3.15 3.34 cap_reest 

UV - Mälarvägen 2.43 2.43 3.33 1.93 2.62 cap_reest, new1 

 

Thus, for both critical gap time and follow-on time, the cap_reest has the best or one of the 

best fits against the observed critical gap times respective follow-on times in average over all 

six roundabouts. It is however important to notice that this comparison has an important 

limitation that will be discussed further in the discussion section, the same observation data 

was used to build and calibrate the cap_reest and new1 model as has now been used to test 

how good the models fit the reality. 

 

5.3 Observed conflict delay 

The collected geometric travel time (GT) and total travel time (TT) values are presented in 

Table 5.10 and Table 5.11 respectively. In addition to the mean values, the standard deviation 

and confidence intervals have been presented in the two tables. The observed conflict delay 

presented in Table 5.12 has been calculated as TT – GT (using the mean TT and GT values). 

For more details regarding the data collection and data processing to compute the observed 

conflict delay, see section 3.6 Observed conflict delay and 3.1.4 Complementary data 

collection. 

Table 5.10 Mean travel time for free vehicles: geometric time, GT. 

Roundabout Mean Std dev Conf (95%) 

Järfälla - - - - 

Lund 3.46 0.61 3.27 3.66 

Solna 4.71 0.71 4.49 4.92 

Täby 3.22 0.59 3.03 3.40 

UV - Kyrkvägen 6.07 0.72 5.84 6.29 

UV - Mälarvägen 5.08 0.97 4.74 5.43 

 

Table 5.11 Mean travel time for all right turning vehicles: total time, TT. 

Roundabout Mean Std dev Conf (95%) 

Järfälla - - - - 

Lund 7.17 6.11 6.02 8.32 

Solna 7.64 3.73 6.64 8.65 

Täby 6.80 5.04 6.12 7.48 

UV - Kyrkvägen 7.70 3.21 7.08 8.33 

UV - Mälarvägen 11.92 11.22 7.44 16.41 
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Table 5.12 Mean conflict delay for each roundabout. 

Roundabout Mean 

Järfälla - 

Lund 3.70 

Solna 2.94 

Täby 3.58 

UV - Kyrkvägen 1.64 

UV - Mälarvägen 6.84 

 

5.4 Capcal comparison results 

From Capcal, the conflict delays has been exported and compared with corresponding 

observed conflict delay values of the same roundabout. These raw results are available in 

Appendix B – Detailed regression analysis results. However, the results become interesting 

first when they are aggregated, and it becomes possible to see how well the different Capcal 

configurations produce results that fit to varying degree with the reality. Over all scenarios 

that have the same Capcal configuration except for different roundabouts, means have been 

calculated from the raw results and are presented in Table 5.13. There is a simple mean over 

all roundabouts to the left and an absolute mean to the right. The absolute mean is a mean 

over the absolute difference of each roundabout. Refer to Equation 4.1, 4.2 and 4.3 at page 45 

for further details regarding how the aggregation has been performed. 

Table 5.13 Conflict delay differences between the Capcal results and the observed values 

that have been aggregated per model configuration. The lowest absolute values 

in each of the three columns in the middle have been underlined. The differences 

have been calculated as             . 

T&T0 
Model 

EF 
factor       

12

              
13

 Confidence interval 

default scenario 0.57 2.01 -1.77 2.91 

original 0.0 0.57 2.01 -1.77 2.91 

original 0.1 0.89 2.25 -1.63 3.41 

original 0.2 1.25 2.54 -1.49 3.98 

original 0.3 1.64 2.91 -1.34 4.63 

original 0.4 2.09 3.32 -1.19 5.36 

original 0.5 2.60 3.80 -1.02 6.22 

original 0.6 3.16 4.33 -0.86 7.19 

extern_wl 0.0 0.72 2.03 -1.50 2.93 

extern_wl 0.1 1.04 2.28 -1.36 3.44 

extern_wl 0.2 1.41 2.57 -1.20 4.02 

extern_wl 0.3 1.82 2.94 -1.04 4.67 

extern_wl 0.4 2.27 3.36 -0.87 5.41 

extern_wl 0.5 2.80 3.85 -0.68 6.28 

extern_wl 0.6 3.37 4.39 -0.50 7.24 

cap_reest 0.0 0.56 2.77 -2.91 4.04 

cap_reest 0.1 0.88 3.00 -2.88 4.63 

                                                 
12

 Mean difference 
13

 Absolute mean difference 
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T&T0 
Model 

EF 
factor       

12

              
13

 Confidence interval 

cap_reest 0.2 1.24 3.27 -2.85 5.33 

cap_reest 0.3 1.65 3.59 -2.84 6.15 

cap_reest 0.4 2.12 3.97 -2.86 7.11 

cap_reest 0.5 2.70 4.53 -2.92 8.33 

cap_reest 0.6 3.37 5.19 -3.04 9.78 

new1 0.0 1.17 3.48 -3.08 5.42 

new1 0.1 1.57 3.81 -3.11 6.26 

new1 0.2 2.05 4.20 -3.18 7.27 

new1 0.3 2.61 4.68 -3.29 8.51 

new1 0.4 3.29 5.28 -3.48 10.06 

new1 0.5 4.18 6.07 -3.80 12.16 

new1 0.6 5.30 7.09 -4.30 14.89 

 

Since the target of a model is to achieve a good fit between the reality and the model, low 

mean difference values are preferred. Without doing any further analysis (refer to the 

discussions and conclusion chapters for that), it is possible to conclude that in Table 5.13 

above, there are one absolute minimum in the mean value column and two in the absolute 

mean value column. Furthermore, the two minimums in the absolute mean value column are 

the default and original, 0.0 configurations, which in practice are equivalent. It should be 

mentioned that the extern_wl, 0.0 configuration has an absolute mean value that is only 

slightly larger than the minimum absolute mean value. Detailed plots for the cap_reest, 0.0, 

the original, 0.0 and the extern_wl, 0.0 configurations will be presented and later also 

analyzed in the discussions and conclusions chapters. There is also a plot of the new1, 0.0 

model configuration for comparison even if it did not perform well. 

 

The first Capcal configuration that gave a minimum column value was using the cap_reest 

gap acceptance model and an exit flow factor of 0.0. In Figure 5.1 and Figure 5.2 below, the 

conflict delay has been plotted against the diameter and heavy vehicles ratio. There is one 

blue circle for each observed conflict delay, and one red square for each calculated value. 

There is one observed and one calculated value for each roundabout. The distance between a 

pair of the observed and calculated values of a roundabout give the difference between the 

reality and the model. The results of each roundabout have the same horizontal position and 

are connected with a black line. A small difference means a close fit. To see better how the 

two figures are linked to each other, there is also a 3D-plot in Figure 5.3 where the conflict 

delay has been plotted against both the diameter and the heavy vehicles ratio. The observed 

and calculated values of each roundabout have been linked together with a green line and, the 

lower of the two values has been linked to the zero plane with a black line. 

 

The second Capcal configuration to give minimum difference values is the configuration with 

the original gap acceptance model and an exit flow factor of 0.0. Figure 5.4, Figure 5.5 and 

Figure 5.6 shows the corresponding plots for this Capcal configuration. The configuration 

with the extern_wl gap acceptance model and an exit flow factor of 0.0 ended up very close to 

the minimum absolute mean value. A 3D-plot of this configuration can be found in Figure 

5.7. The forth and last gap acceptance model is the new1 model, which has a corresponding 

3D-plot in Figure 5.8. 
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Figure 5.1 Observed and calculated conflict delay in seconds plotted against the minor 

approach weaving length in meters. The calculations where made using the 

cap_reest gap acceptance model and an exit flow factor of 0.0. 

 

 
Figure 5.2 Observed and calculated conflict delay in seconds plotted against the ratio of 

heavy vehicles in percent. The calculations where made using the cap_reest gap 

acceptance model and an exit flow factor of 0.0. 
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Figure 5.3 Observed and calculated conflict delays plotted against weaving length and 

heavy vehicle ratio for the cap_reest T & T0 model and exit flow factor 0.0. The 

blue circles are observations and the red squares are by Capcal calculated 

values. A black line goes from the zero conflict delay-plane up to the lowest data 

point of each roundabout, and the two data points of each roundabout have 

been connected with a green line. 

 

 
Figure 5.4 Observed and calculated conflict delay in seconds plotted against the 

roundabout diameter in meters. The calculations where made using the original 

gap acceptance model and an exit flow factor of 0.0. 
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Figure 5.5 Observed and calculated conflict delay in seconds plotted against the ratio of 

heavy vehicles in percent. The calculations where made using original gap 

acceptance model and an exit flow factor of 0.0. 

 
Figure 5.6 Observed and calculated conflict delays plotted against weaving length and 

heavy vehicle ratio for original T & T0 model and exit flow factor 0.0. The blue 

circles are observations and the red squares are by Capcal calculated values. A 

black line goes from the zero conflict delay-plane up to the lowest data point of 

each roundabout, and the two data points of each roundabout have been 

connected with a green line.  
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Figure 5.7 Observed and calculated conflict delays plotted against weaving length and 

heavy vehicle ratio for the extern_wl T & T0 model and exit flow factor 0.0.  

 

 
Figure 5.8 Observed and calculated conflict delays plotted against weaving length and 

heavy vehicle ratio for the new1 T & T0 model and exit flow factor 0.0. 
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6 Discussions 

6.1 Method discussion 

The method selection has at many places been influenced by the method that Hagrirng (1998) 

used. This reason for this is that Hagring (1998) and Hagring (1996) is the last major work to 

collect data and calibrate the Capcal model. Thus, if similar methods for processing the 

collected data to obtain a new gap acceptance model, it would be more accurate to compare it 

against the gap acceptance model in Capcal. However, as has been mentioned in the method 

description, simplifications have been made to the method that Hagring used to estimate the 

critical gap time. The main simplification that has been made is to assume that the G function, 

which gives the cumulative probability that a gap is accepted, is a step function instead of the 

more smooth transition function that Hagring used. This could be one of the reasons of the 

failure to construct a better gap acceptance model and is thus an area where future work could 

expand on. 

 

Another input related problem was is follow-on estimation. The main issue here is that by 

only using the vehicle logs it was impossible to guarantee that the follow-on vehicles actually 

were in a queuing situation when they followed on and accepted the same gap as a vehicle in 

front of them. To improve the follow-on time data collection, either manual collections would 

be required or more intensive logging at the approaches along with an algorithm that decides 

which vehicles that should be seen as queuing and not.  

 

In addition to these issues with estimating T & T0, there were far fewer data points in the 

regression analysis than recommended minimum.  

 

6.1.1 Capcal extensions 

A model to reduce the capacity on the entry because of vehicles not being clear about if they 

are going to exit the roundabout or not could be constructed in many ways. It was chosen to 

add a factor of the exiting flow to the major flow. The reason for using a correction of the 

major flow was that in Capcal, there already exists another correction for pedestrians crossing 

the approaches. It was therefore assumed that it would be possible to find the places in the 

code where the pedestrian flow is added to the major flow, and add another correction there. 

The author of this thesis had no previous experience of the Capcal code when the thesis 

started, so therefore a solution with high probability of being possible to implement was 

favored.  

 

6.1.2 Model test 

In order to run the model tests and compare the conflict delay between the observations and 

Capcal, it is critical that the roundabouts have been modeled in an accurate way in Capcal, 

that there are good data collections and that the delay values from Capcal that is compared 

with the observations contain the same delay components.  

 

While collecting the mean travel time for free vehicles that was then used to compute the 

observed conflict time, a decision had to be made regarding which vehicles to include and 

which to exclude from the subset of free vehicles. Should vehicles that otherwise were free, 

but stopped at the yielding line for 2-3 seconds to watch for (non-existent) major vehicles?  At 
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the time when the data collection was made, a decision was made to exclude vehicles that 

spend unusually long time at the waiting line even if the roundabout was clear. The 

motivation was that the unusual long stop was due to avoiding a potential conflict, thus a 

conflict delay. However, the opposite could also be argued, that the waiting at the yielding 

line should be seen as part of the geometric delay since the yielding line is always there and 

some drivers may need more time to evaluate the situation than others no matter if roundabout 

is clear or not. This yield-evaluation delay could then be seen as part of the geometric delay. 

It should be noted that there were not many such exclusions; only one or two over all the five 

roundabouts that were included in the model test. 

 

6.2 Result discussion 

The results of the model development are discussed first. After that, follows a discussion 

regarding the results of the computations of conflict delays using the Capcal software and the 

comparison of those results.  

 

6.2.1 Gap acceptance model 

Through Table 5.4 to Table 5.7, multiple regression analysis results were presented for the 

analysis carried out to re-estimate the Capcal gap acceptance model as well as creating a 

completely new model. For most parameters, the p-value is much larger than the 0.05 level 

that is often used to say if a variable is significant or not. Only parameters with a p-value 

lower than 0.05 are said to be significant. The low amount of strictly significant results is 

hardly surprising given that there are only three degrees of freedoms with six observations 

and three estimated parameters
14

. 

 

In Table 5.8 and Table 5.9, the four gap acceptance models are compared to the observed 

values. It turns out that in average the cap_reest and new1 model has the closest fit against the 

observations. For critical gap times the new1 model is only slightly better than the original 

model with and without the 16-meter restriction. For follow-on times however, the new1 

model is almost as good as the cap_reest model. Thus, the cap_reest and new1 T&T0 models 

provide the best fit against the observations. 

 

However, the same data have been used to build and evaluate the new models. Therefore, it is 

hardly surprising that the observed critical gap times and follow-on times better match the 

cap_reest and new1 model performs better than the original gap acceptance model with and 

without the 16-meter limitation. Actually, in a later step in this thesis, the final results of the 

whole Capcal model was compared using the different gap acceptance-sub models against the 

reality. These results show that the original and extern_wl gap acceptance-models give the 

best fit of the final results.  

 

The observed gap acceptance values for Järfälla are rather different from the other 

roundabouts. It has a significantly higher follow-on time than the other roundabouts. One 

possible reason for this could be that while the roundabout has a signed speed of 50 km/h as 

all the other roundabouts, the roads are designed to encourage lower speeds by using paving 

stones at the sides between the rather narrow asphalt road and the curbs. Another possibility is 

that Järfälla has a higher degree of vehicles that wrongly has been categorized as queuing in 

the follow-on time observations. A quick look at the video has confirmed that there are quite 

                                                 
14

 One constant and one factor for each of the two variables. 
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many vehicles in Järfälla that just make it to be included as queuing vehicles while they are 

still rather far away from being queuing.  

 

The discussion regarding the speed can be extended to all small roundabouts as well. Overall, 

excluding Järfälla, the observed critical gap times are smaller than the one computed by 

Capcal. At a meeting with Trivector Traffic, Trafikverket and KTH it was proposed that it 

could be that at smaller roundabouts the circulating speed is more reduced than at larger 

roundabouts and thus it become easier for minor vehicles to enter with the result of lower 

critical gap times. For 3-way yield intersections, lower signed speeds at the major road gives 

lower critical gap times compared to higher major road speeds (Hagring and Allström, 2008). 

As additional support, Akçelik has through an email received on 2010-01-22, told that for 

SIDRA they have been able to conclude that smaller roundabouts have smaller critical gap 

times and follow on times. In the roundabout model in Capcal, the speed is only included 

implicitly for critical gap time calculations by including the weaving length as a geometric 

measurement. However, as can be seen in Equation 2.2, the weaving length has rather low 

impact on the critical gap time. It may be possible that a better model could be obtained by 

more explicitly including the circulating speed in the gap acceptance model.  A possible 

future development could be to try to include more explicitly the reduction of critical gap 

times due to the speed reduction for small roundabouts.  

 

6.2.2 Capcal results 

In Table 5.13, the aggregated differences between observed conflict delay and by Capcal 

calculated values were presented. In Table 6.1 below, an extract of those results are presented. 

For each Capcal configuration, mean and absolute mean have been calculated. The exact 

calculations performed to calculate these three values are documented through Equation 4.1, 

4.2 and 4.3 (page 45).  

Table 6.1 An extract of Table 5.13 at page 53, containing only a few selected results. 

Underlined numbers shows that they have the lowest absolute value in that 

column in the original table. 

T&T0 
Model 

EF 
factor       

15

             
16

 Confidence 

Capcal default 0.57 2.01 -1.77 2.91 

Original 0.0 0.57 2.01 -1.77 2.91 

extern_wl 0.0 0.72 2.03 -1.50 2.93 

cap_reest 0.0 0.56 2.77 -2.91 4.04 

new1 0.0 1.17 3.48 -3.08 5.42 

 

A low mean difference could indicate that there is a good fit between the model and the 

reality; however, it could also be that each roundabout has a bad fit, but through differently 

signed differences and some luck, the mean difference ends up close to zero. This is actually 

the case with the results of the Capcal configuration cap_reest, 0.0, which happened to get the 

lowest mean difference even if each individual roundabout has a large absolute difference. 

 

                                                 
15

 Mean difference 
16

 Absolute mean difference 
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The second comparison figure is the absolute mean
17

. Using this comparison figure, it is 

possible to see that in average the Capcal configuration with the lowest mean difference 

actually has an absolute mean difference of 2.77, which is worse than the default Capcal 

configuration that has an absolute mean difference of 2.01. The best Capcal configuration 

with regard of absolute mean difference is original, 0.0, with an absolute mean difference at 

2.01. It should be noted that the original, 0.0 configuration is equivalent to the default 

configuration. The 3D-plot of the original, 0.0 configuration can be found in Figure 5.6. By 

visually comparing the two 3D-plots, it is possible to see that the later one has a better fit 

between the model and the observations from the reality as suggested using the absolute mean 

difference values. The extern_wl, 0.0 configuration had only 0.02 seconds worse absolute 

mean value, but a slightly smaller confidence interval than the original, 0.0 model.  

 

At aggregated level, it seems like the exit flow factor does not provide any better fit of the 

model to the observed reality. This could have many reasons but at individual roundabout 

level, there are two roundabouts where an exit flow factor      improves the results. For the 

original gap acceptance model and the UV – kyrkvägen roundabout the lowest absolute mean 

is obtained using an exit flow factor of    , which can be seen in Table 6.2. Table 6.2 is an 

extract of the raw results, which can be found in Appendix C – Raw Capcal results. For UV – 

Mälarvägen, the lowest absolute mean is obtained using the     exit flow factor. However, 

that is the highest exit flow factor that has been used in the model tests and a even higher exit 

flow factor value than 0.6 would possible give the best model fit. The model fit difference is 

actually rather large at 0.6 exit flow factor, and there is probably something else in addition 

to, or instead of the exit flow factor that needs to be changed in the model to get a better fit 

without setting the exit flow factor unreasonable high. Interestingly these both roundabouts 

with an exit flow factor larger than zero as best fit are located in Upplands Väsby, in the north 

of Stockholm.  

Table 6.2 Raw results for Upplands Väsby – Kyrkvägen and Upplands Väsby – 

Mälarvägen using the original gap acceptance model and varying exit flow 

factors. The shaded column contains the conflict delay differences. The 

minimum absolute difference of each roundabout has been underlined. 

Roundabout T&T0 Model EF factor                                   

UV - Kyrkvägen original 0.0 4.23 4.23 1.41 1.64 -0.22 

UV - Kyrkvägen original 0.1 4.27 4.27 1.54 1.64 -0.09 

UV - Kyrkvägen original 0.2 4.32 4.32 1.69 1.64 0.05 

UV - Kyrkvägen original 0.3 4.36 4.36 1.84 1.64 0.20 

UV - Kyrkvägen original 0.4 4.41 4.41 1.99 1.64 0.36 

UV - Kyrkvägen original 0.5 4.46 4.46 2.16 1.64 0.52 

UV - Kyrkvägen original 0.6 4.51 4.59 2.34 1.64 0.70 

UV - Mälarvägen original 0.0 5.01 5.97 3.46 6.84 -3.38 

UV - Mälarvägen original 0.1 5.03 6.05 3.53 6.84 -3.30 

UV - Mälarvägen original 0.2 5.04 6.13 3.61 6.84 -3.23 

UV - Mälarvägen original 0.3 5.05 6.21 3.68 6.84 -3.16 

UV - Mälarvägen original 0.4 5.07 6.29 3.76 6.84 -3.08 

UV - Mälarvägen original 0.5 5.08 6.39 3.85 6.84 -2.99 

UV - Mälarvägen original 0.6 5.10 6.47 3.92 6.84 -2.91 

                                                 
17

 The absolute mean is a mean value that has been computed using the absolute value of the individual conflict 

time differences. 
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Large variety 

At the individual roundabout level, the results can differ quite a lot from the mean difference 

over all roundabouts. For example, for the default Capcal configuration, the calculated 

conflict delay is 2.67 seconds longer than the observed conflict delay. In Table 6.3 below, the 

individual default configuration results are presented along with a column called “% diff” that 

shows how big the difference is in percent related to the largest of the observed and calculated 

delay: 

 

       
        

                 
 

  

Three of the roundabouts have a difference in the interval of 45-50%. This indicates that there 

is room for improvements of the Capcal model configuration for small roundabouts. So far, 

only the variety of the results using the default Capcal model has been discussed, but if one 

study the detailed results table in Appendix C – Raw Capcal results, then it will be clear that 

variety is not smaller, but rather larger for the other model configurations.  

Table 6.3 Percent difference between calculated and observed conflict delays for the 

default Capcal configuration.  

Roundabout                              

Lund 4.09 3.70 0.38 9 

Solna 5.87 2.94 2.94 50 

Täby 6.72 3.58 3.14 47 

UV - Kyrkvägen 1.41 1.64 0.22 14 

UV - Mälarvägen 3.46 6.84 3.38 49 

 

No improvements 

The model changes that have been studied in this thesis did not give any improvements to the 

model results, and further work is needed to find solutions that can reduce the difference 

between the model results and the reality. For future work, it is useful to know that the model 

overestimates the conflict delays and thus underestimate the capacity of small roundabouts. It 

is therefore of interest to either study model changes that can decrease the delay and/or 

additional sub models that can increase the capacity. However, additional models like the exit 

flow factor that reduces the calculated capacity is not of interest at the moment as they will 

just increase the delay and thus reduce the capacity even further.  

 

There are three possible reasons why no improvements were found with the model changes 

studied in this thesis. First, there could be simplifications or errors in the model constructions 

that caused the constructed models to perform worse. Secondly, there could be a problem in 

the final comparison between the Capcal model results and the observations, or it could be 

that the areas of modeling that have been studied are already good in Capcal and no 

improvements are possible. It could as well be that other parts of the current model are wrong 

and the current gap acceptance model has to be wrong in an opposite way to compensate for 

the other part of the model to give a good final result. The problem is that the output depends 

on many sub models, that each of them could be wrong or right and that together produces a 

final result that is evaluated (see Figure 6.1 below). In this thesis, the parts that were not 

studied have been assumed to be correct in order to evaluate the correctness of the gap 

acceptance and exit flow factor model based on the output.  
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It may be possible that future studies find other changes to the gap acceptance model that 

reduce the overestimation of the conflict delay in Capcal. However, it is hard to believe that 

model changes that reduce the entry capacity will decrease the conflict delay. Thus if 

something is to be improved in this thesis, then it is suggested to focus on the gap acceptance 

model as it has the potential of reducing the conflict delay. 

 

In this thesis a total of six roundabouts were included as input in the model construction. It is 

possible that the failure of constructing a new better gap acceptance model through multiple 

regression analysis was due to only having six data points for the three parameters to estimate. 

StatSoft, Inc. (2010) recommends 10 to 20 data points per parameter to estimate while in this 

thesis there were less than 10 data points in total.  

 

6.3 Validity discussion 

The observed critical gap times and follow-on times for Järfälla are quite strange compared to 

the other observations. For the Järfälla observations, the follow-on time is higher than the 

critical gap time. As sole input for the follow-on time estimation the SAVA-log files has been 

used which can be a source of errors as it is not fully possible to determine which vehicles 

that are really are queued when they follow-on. One possibility would be to remove the 

Järfälla observation altogether from the T & T0 equation estimation due to its strange 

observations. On the other hand, without further investigation it is hard to say if the 

strangeness of the Järfälla results is a real variation or a problem related to the data collection.  

 

In the process of estimating the critical gap time, Hagring used a maximum likelihood 

function that was simplified in this thesis. It is possible that this simplification has affected the 

estimation of the observed critical gap times. These critical gap times have been used to create 

a new gap acceptance model that turned out to perform worse than the original gap acceptance 

model. It is important to note that the simplifications in the critical gap time estimation-

process did not affect the observed conflict delays, and thus the reliability of the comparison 

of the final Capcal results that have been used to evaluate the constructed models. Therefore, 

while it is fully possible that the simplification of the maximum likelihood method could be a 

reason why the constructed gap acceptance model failed, it should not have affected the 

accuracy of the actual evaluation of the models against the reality.  

 

The confidence intervals in the aggregated results table has been calculated using n = 5 
18

 and 

it should be noted that using strict statistics, none of the Capcal configurations can be 

disregarded since all of them include zero difference in the confidence interval. For each 

roundabout there are however in general more sufficiently amount of observations. For the 

gap acceptance model parameter estimation the observation counts are: 44 to 231 vehicles 

taking part in gap acceptance situations per roundabout (Table 3.6), and 7 to 190 follow-on 

                                                 
18

 Five roundabouts have been compared. 
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Figure 6.1 The correctness of the output of Capcal depends on the gap acceptance model, 

exit flow factor and the interaction model as well as other sub models in Capcal. 
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observations per roundabout (Table 3.8). The observed conflict delay is based on 24-209 

observations of total travel time and 30-44 observations of travel times for free vehicles 

(Table 3.8). It could be argued whether the seven observations of follow-on time of the 

Upplands Väsby – Mälarvägen roundabout are enough or not. A possible solution could have 

been to exclude that roundabout from the regression analysis of follow on time that has been 

preformed due to the low amount of observations. This has however not been done, instead 

the variety of more roundabouts (six instead of five) has been prioritized.  

 

Another factor that may have affected the results is the quality of the video captures. Both 

regarding the frame rate resolution and which areas around the roundabouts that has been 

covered, the angle etc. In two cases, the minor entry detector (L1) could not be placed far 

enough upstream because of limited view in the video. Due to problems with the frame rate 

resolution, two locations in Malmö/Lund had to be discarded in favor for replacements in the 

Stockholm area. This is why 5 out of 6 roundabouts are from the Stockholm area but only one 

from the Skåne area. Due to the overrepresentation of Stockholm roundabouts, it could be 

argued that this study only captures the behavior of drivers in Stockholm. 

 

It is also important to make a note regarding what conclusions that can be drawn from the 

results of the model test. The aim of the model test was to see which model configuration that 

gives the best prediction. If the results are used for this conclusion, it is not possible to also 

validate that the chosen model is correct using the same data that was used to choose which 

model configuration to use. The data material for the comparison contained five roundabouts 

out of which four were from the Stockholm area and only one from Skåne. Three roundabouts 

had a weaving length that was larger than 16 meters, and two weaving lengths were less than 

16 meters (the current minimum weaving length allowed by the Capcal model).  
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7 Conclusions 

The current Capcal model overestimate the conflict delay for the tested small roundabouts and 

thus the capacity is underestimated. All tested model modifications do only further 

overestimate the conflict delay compared to the observations and do therefore not result in a 

better model. However, while the tested model modifications do not produce better conflict 

delay results, that cannot be extended to say that the tested modifications are wrong, unless it 

is assumed that all other parts of Capcal are correct. Otherwise it is possible that the new gap 

acceptance model and/or exit flow factor model is a better representation of the reality, than 

the current model since the computations of the conflict delay. If systematic errors exist in 

one part of the model, that would favor systematic errors that compensate these errors in 

another part of the model. Fixing the systematic errors at one place could thus cause the 

model to in overall produce worse results. Thus if it is accepted that there can be errors in 

other parts of the model, it is fully possible that the constructed gap acceptance models and 

the exit flow factor model improves the modeling of these subareas.  

 

Among the results of the current Capcal model, there are large variations between the 

observed and calculated values with differences often as large as 50% of the larger value of 

the observation and the calculation. Thus, while the model modifications studied in this thesis 

did not improve the model, there is a potential for large improvements of the model 

predictions through other model modifications. From the results of the default Capcal model it 

is known
19

 that the model overestimates the conflict delay and thus underestimate the capacity 

of the small roundabouts; therefore, further studies are suggested to focus on modifications 

that reduce the conflict delay. On the other hand, if it is believed that the data set size of five 

roundabouts is too small, then it is hard to conclude anything from this thesis. 

 

Part of the purpose of this thesis was not only to look for improvements, but also to 

investigate the validity of the current Capcal model for roundabouts with a weaving length of 

25 meters or less. It is hard to say that yes, it is valid or no, it is not valid, with only the basis 

of this thesis. The data material in this thesis is not large enough to statistically prove that any 

of the tested models, including the current Capcal model is not valid as none of the 

confidence intervals of the mean differences excluded the zero. Thus, the fact that the model 

is valid cannot be rejected. Therefore, it is not possible to statistically reject the hypothesis 

regarding the improved gap acceptance model, nor the hypothesis that introducing the exit 

flow factor model would improve the Capcal result. On the other hand, as has been discussed, 

there are variations of up to 50% of the higher value between the model and the observations 

for several of the studied roundabouts, which indicates that there is room for improvements to 

the current model.  

 

7.1 Future work 

In this thesis, some simplifications have been made that could be expanded on, but there are 

also some findings in this thesis that can be used to suggest the direction of future work. The 

two main simplifications in this thesis are related to the critical gap time estimation and 

estimation of the follow-on time. There is also the simplification of only considering right 

turning minor vehicles, which seems to have stronger support than the other two 

simplifications.  
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 If it is accepted that it cannot statistically be proven. 
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For the estimation of critical gap time, the gap acceptance probability function (G) was 

simplified to a step function. Future work could try to implement and use the G function and 

maximum likelihood method that Hagring (1998) has used. Neither Hagring (1998) nor 

Hagring (1996) gives any definition on which vehicles to include as follow-on vehicles. It 

seems that the definition used in this thesis was to rough. Future work may either focus on 

manual follow-on time collection or study improved semi-automatic methods to collect 

follow-on times.  

 

With these improvements of the input data to the estimation of the gap acceptance model, it 

may be possible that the estimated functions actually improve the fit between the model 

results and observations of the reality. It is also useful to increase the number of studied 

roundabouts to get a larger set of data points in the regression analysis.  

 

It is noticeable how little impact the weaving length and heavy vehicle ratio has on the critical 

gap time and follow-on time in the current equations used in Capcal (see Equation 2.2 at page 

18). From discussions with Trivector Traffic, Trafikverket and KTH an hypothesis for future 

work was formed that if the circulating speed could be more directly included in the gap 

acceptance model, then that could improve the model. In the model for yield and stop 

intersections, the speed of the major road is used to determine the gap acceptance parameters. 

It was also mentioned that in small roundabouts the splitter islands are sometimes reduced in 

width, to accommodate for heavy vehicles with trailers thus two roundabouts with the same 

weaving length can still have different radius of the central island as well as the whole 

roundabout.  

 

From Table 5.13 (page 53) it can be seen that allowing weave lengths lower than 16 meters 

(extern_wl model) gives only slightly worse overall fit than using the original model that 

restricts the weaving length to at least 16 meters. On the other hand, the confidence interval 

was slightly smaller for the extern_wl model. From this it could be concluded that for the five 

studied roundabouts, allowing weaving lengths lower than 16 meter do not cause the model to 

produce worse results. Therefore, in Capcal it should be possible to allow users to input 

weaving lengths lower than 16 meters without causing the model to produce worse results. 

However, the change cannot be seen as an improvement of the model. It should also be noted 

that only two of the studied roundabouts has a weaving length less than 16 meters.  

 

In order to further evaluate the theory that there is a capacity reduction of an entry based on 

the previous exit, it would be possible to do a study. The average travel time through the 

roundabout for free vehicles could be compared with vehicles that has a circulating vehicle 

exit while they are checking for circulating vehicles. With more input data, the constructed 

gap acceptance models could be validated or rejected as improvements of the gap acceptance 

sub-model. Alternative model construction methods that more focus on expert knowledge 

could be tried as an alternative or compliment to collecting more data for better regression 

analysis.  
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Appendix A – Word list 

Arm A road, usually two-way, that is connected to a roundabout. The drive-side that 

goes into the roundabout is called the entry and the other side is called the exit-side. 

b Width of circulating road at the splitter islands 

Capcal Capcal refer both to the intersection capacity model and to the software 

implementation of the model.  

CD Conflict delay – delay caused by interaction with other vehicles 

      Observed conflict delay 

        Calculated conflict delay 

Central island  Located in the center of a roundabout and can be designed either so it is not over-

runable or so that it can be passed 

Circulating road  The one-way road that goes around the central island. In drive-on-right 

countries, the direction of the circulating road is anti-clockwise. 

d Inscribed diameter – the diameter of the whole roundabout including both the 

central island and the circulating road – see Figure 1.1 (page 3) 

Delay A delay is a length of time that vehicles are delayed compared to the travel time 

they would have without a roundabout. A delay is usually measured in seconds. 

        Total width of the entry lane(s) of an arm 

       Total width of the exit lane(s) of an arm 

            Total width of the exit lane(s) of next arm. Next arm, is the arm that is first reached 

when driving on the circulating road in the forward direction. For right hand traffic, 

the circulating traffic drives anti-clockwise. 

GD Geometric delay – delay caused by the extra driving distance and the presence of an 

intersection compared to if the intersection would not be there 

GT Geometric time – the mean travel time for free vehicles that has not been delayed 

by interaction with other vehicles 

L or wL Weaving length 

PCU  Passenger car unit 

    Portion of heavy vehicles 

   Critical gap time  

    Follow-on time  



 

    

      Observed critical gap time 

       Calculated critical gap time 

TD Total delay – Both conflict and geometric delay. Note that in Capcal the total delay 

is not the sum of conflict delay and geometric delay. 

TT Total time – the mean travel time for all vehicles 

Travel time   The travel time is the total time into, through and out from a roundabout. It is 

usually measured in seconds. 

wL See L 

 



 

 

Appendix B – Detailed regression analysis results 

Table I Detailed multiple regression results for the re-estimation of the Capcal 3.3 

critical gap time equation. 

  b* 
Std Err 
of b* b 

Std Err 
of b t(3) p-value 

Intercept 
  

1.86 1.16 1.60 0.21 

L 0.66 0.44 0.10 0.07 1.52 0.23 

MinorHV 0.11 0.44 0.02 0.08 0.25 0.82 

 

Multiple R Multiple R
2
 Adjusted R

2
 F(2,3) p 

std err of 
estimate 

0.66 0.44 0.06 1.16 0.42 0.54 

 

Table II Detailed multiple regression results for the re-estimation of the Capcal 3.3 

follow on time equation. 

  b* 
Std Err 
of b* b 

Std Err 
of b t(3) p-value 

Intercept 
  

3.34 0.47 7.13 0.00 

MinorHV -0.32 0.47 -0.07 0.10 -0.67 0.54 

  

Multiple R Multiple R
2
 Adjusted R

2
 F(2,3) p 

std err of 
estimate 

0.32 0.10 -0.12 0.45 0.54 0.73 

 

Table III Detailed multiple regression results for the estimation of the new critical gap 

time equation using the diameter and portion of heavy vehicles as dependent 

variables. 

  b* 
Std Err 
of b* b 

Std Err 
of b t(3) p-value 

Intercept 
  

-2.15 2.87 -0.75 0.51 

D 1.00 0.50 0.22 0.11 1.99 0.14 
MinorHV -0.61 0.50 -0.11 0.09 -1.22 0.31 

 

Multiple R Multiple R
2
 Adjusted R

2
 F(2,3) p 

std err of 
estimate 

0.76 0.57 0.28 1.99 0.28 0.47 

 

  



 

    

Table IV Detailed multiple regression results for the estimation of the new follow-on time 

equation using the roundabout diameter and lane width of the next exit as 

dependent variables. 

  b* 
Std Err 
of b* b 

Std Err 
of b t(3) p-value 

Intercept 
  

6.91 2.14 3.23 0.05 

D 0.11 0.25 0.03 0.07 0.43 0.70 

           -0.91 0.25 -0.76 0.21 -3.59 0.04 

 

Multiple R Multiple R
2
 Adjusted R

2
 F(2,3) P 

std err of 
estimate 

0.90 0.81 0.69 6.46 0.08 0.39 

 



 

 

Appendix C – Raw Capcal results 

Table V Raw Capcal results for each scenario.  

Roundabout T&T0 Model EF factor                                   

Lund default scenario 4.85 6.51 4.09 3.70 0.38 

Solna default scenario 5.08 8.41 5.87 2.94 2.94 

Täby default scenario 5.10 9.27 6.72 3.58 3.14 

UV - Kyrkvägen default scenario 4.23 4.23 1.41 1.64 -0.22 

UV - Mälarvägen default scenario 5.01 5.97 3.46 6.84 -3.38 

Lund original 0.0 4.85 6.51 4.09 3.70 0.38 

Solna original 0.0 5.08 8.41 5.87 2.94 2.94 

Täby original 0.0 5.10 9.27 6.72 3.58 3.14 

UV - Kyrkvägen original 0.0 4.23 4.23 1.41 1.64 -0.22 

UV - Mälarvägen original 0.0 5.01 5.97 3.46 6.84 -3.38 

Lund original 0.1 4.90 6.84 4.39 3.70 0.69 

Solna original 0.1 5.14 8.96 6.40 2.94 3.46 

Täby original 0.1 5.16 9.87 7.29 3.58 3.70 

UV - Kyrkvägen original 0.1 4.27 4.27 1.54 1.64 -0.09 

UV - Mälarvägen original 0.1 5.03 6.05 3.53 6.84 -3.30 

Lund original 0.2 4.95 7.20 4.73 3.70 1.02 

Solna original 0.2 5.20 9.58 6.98 2.94 4.05 

Täby original 0.2 5.22 10.54 7.93 3.58 4.34 

UV - Kyrkvägen original 0.2 4.32 4.32 1.69 1.64 0.05 

UV - Mälarvägen original 0.2 5.04 6.13 3.61 6.84 -3.23 

Lund original 0.3 5.00 7.59 5.09 3.70 1.39 

Solna original 0.3 5.26 10.29 7.67 2.94 4.73 

Täby original 0.3 5.28 11.29 8.65 3.58 5.07 

UV - Kyrkvägen original 0.3 4.36 4.36 1.84 1.64 0.20 

UV - Mälarvägen original 0.3 5.05 6.21 3.68 6.84 -3.16 

Lund original 0.4 5.05 8.01 5.49 3.70 1.78 

Solna original 0.4 5.32 11.07 8.42 2.94 5.48 

Täby original 0.4 5.34 12.15 9.47 3.58 5.89 

UV - Kyrkvägen original 0.4 4.41 4.41 1.99 1.64 0.36 

UV - Mälarvägen original 0.4 5.07 6.29 3.76 6.84 -3.08 

Lund original 0.5 5.10 8.46 5.92 3.70 2.21 

Solna original 0.5 5.38 12.00 9.31 2.94 6.37 

Täby original 0.5 5.41 13.17 10.47 3.58 6.89 

UV - Kyrkvägen original 0.5 4.46 4.46 2.16 1.64 0.52 

UV - Mälarvägen original 0.5 5.08 6.39 3.85 6.84 -2.99 

Lund original 0.6 5.14 8.94 6.37 3.70 2.66 

Solna original 0.6 5.43 13.02 10.30 2.94 7.37 

Täby original 0.6 5.47 14.32 11.59 3.58 8.00 

UV - Kyrkvägen original 0.6 4.51 4.59 2.34 1.64 0.70 

UV - Mälarvägen original 0.6 5.10 6.47 3.92 6.84 -2.91 



 

    

Roundabout T&T0 Model EF factor                                   

Lund extern_wl 0.0 4.92 7.03 4.57 3.70 0.87 

Solna extern_wl 0.0 5.08 8.41 5.87 2.94 2.94 

Täby extern_wl 0.0 5.09 9.19 6.64 3.58 3.06 

UV - Kyrkvägen extern_wl 0.0 4.23 4.23 1.41 1.64 -0.23 

UV - Mälarvägen extern_wl 0.0 5.06 6.32 3.78 6.84 -3.06 

Lund extern_wl 0.1 4.97 7.41 4.92 3.70 1.22 

Solna extern_wl 0.1 5.14 8.96 6.40 2.94 3.46 

Täby extern_wl 0.1 5.15 9.78 7.20 3.58 3.62 

UV - Kyrkvägen extern_wl 0.1 4.27 4.27 1.54 1.64 -0.10 

UV - Mälarvägen extern_wl 0.1 5.08 6.40 3.86 6.84 -2.98 

Lund extern_wl 0.2 5.02 7.83 5.32 3.70 1.61 

Solna extern_wl 0.2 5.20 9.58 6.98 2.94 4.05 

Täby extern_wl 0.2 5.21 10.43 7.83 3.58 4.24 

UV - Kyrkvägen extern_wl 0.2 4.31 4.31 1.68 1.64 0.04 

UV - Mälarvägen extern_wl 0.2 5.09 6.49 3.94 6.84 -2.89 

Lund extern_wl 0.3 5.07 8.28 5.74 3.70 2.04 

Solna extern_wl 0.3 5.26 10.29 7.67 2.94 4.73 

Täby extern_wl 0.3 5.27 11.17 8.54 3.58 4.95 

UV - Kyrkvägen extern_wl 0.3 4.36 4.36 1.82 1.64 0.19 

UV - Mälarvägen extern_wl 0.3 5.10 6.58 4.03 6.84 -2.81 

Lund extern_wl 0.4 5.12 8.77 6.21 3.70 2.50 

Solna extern_wl 0.4 5.32 11.07 8.42 2.94 5.48 

Täby extern_wl 0.4 5.33 12.01 9.34 3.58 5.76 

UV - Kyrkvägen extern_wl 0.4 4.41 4.41 1.98 1.64 0.34 

UV - Mälarvägen extern_wl 0.4 5.12 6.67 4.11 6.84 -2.73 

Lund extern_wl 0.5 5.17 9.30 6.71 3.70 3.01 

Solna extern_wl 0.5 5.38 12.00 9.31 2.94 6.37 

Täby extern_wl 0.5 5.40 13.01 10.31 3.58 6.73 

UV - Kyrkvägen extern_wl 0.5 4.45 4.45 2.14 1.64 0.51 

UV - Mälarvägen extern_wl 0.5 5.13 6.78 4.21 6.84 -2.63 

Lund extern_wl 0.6 5.22 9.86 7.25 3.70 3.54 

Solna extern_wl 0.6 5.43 13.02 10.30 2.94 7.37 

Täby extern_wl 0.6 5.46 14.13 11.40 3.58 7.82 

UV - Kyrkvägen extern_wl 0.6 4.50 4.57 2.32 1.64 0.68 

UV - Mälarvägen extern_wl 0.6 5.15 6.87 4.30 6.84 -2.54 

Lund cap_reest 0.0 4.58 5.25 2.96 3.70 -0.74 

Solna cap_reest 0.0 4.88 7.66 5.22 2.94 2.28 

Täby cap_reest 0.0 5.23 12.18 9.57 3.58 5.98 

UV - Kyrkvägen cap_reest 0.0 4.19 4.19 1.71 1.64 0.07 

UV - Mälarvägen cap_reest 0.0 4.73 4.73 2.06 6.84 -4.77 

Lund cap_reest 0.1 4.62 5.44 3.13 3.70 -0.57 

Solna cap_reest 0.1 4.93 8.04 5.58 2.94 2.64 

Täby cap_reest 0.1 5.30 13.13 10.48 3.58 6.89 

UV - Kyrkvägen cap_reest 0.1 4.23 4.23 1.82 1.64 0.18 

UV - Mälarvägen cap_reest 0.1 4.73 4.73 2.10 6.84 -4.74 



 

     

Roundabout T&T0 Model EF factor                                   

Lund cap_reest 0.2 4.66 5.64 3.32 3.70 -0.39 

Solna cap_reest 0.2 4.98 8.46 5.97 2.94 3.03 

Täby cap_reest 0.2 5.37 14.22 11.53 3.58 7.95 

UV - Kyrkvägen cap_reest 0.2 4.27 4.27 1.93 1.64 0.30 

UV - Mälarvägen cap_reest 0.2 4.74 4.74 2.14 6.84 -4.70 

Lund cap_reest 0.3 4.70 5.86 3.51 3.70 -0.19 

Solna cap_reest 0.3 5.04 8.94 6.42 2.94 3.49 

Täby cap_reest 0.3 5.43 15.50 12.78 3.58 9.20 

UV - Kyrkvägen cap_reest 0.3 4.31 4.31 2.06 1.64 0.42 

UV - Mälarvägen cap_reest 0.3 4.75 4.75 2.18 6.84 -4.66 

Lund cap_reest 0.4 4.74 6.10 3.73 3.70 0.02 

Solna cap_reest 0.4 5.10 9.46 6.91 2.94 3.97 

Täby cap_reest 0.4 5.50 17.03 14.28 3.58 10.70 

UV - Kyrkvägen cap_reest 0.4 4.35 4.37 2.19 1.64 0.55 

UV - Mälarvägen cap_reest 0.4 4.76 4.76 2.21 6.84 -4.63 

Lund cap_reest 0.5 4.78 6.34 3.95 3.70 0.25 

Solna cap_reest 0.5 5.15 10.05 7.47 2.94 4.53 

Täby cap_reest 0.5 5.57 18.98 16.20 3.58 12.62 

UV - Kyrkvägen cap_reest 0.5 4.39 4.53 2.33 1.64 0.69 

UV - Mälarvägen cap_reest 0.5 4.77 4.77 2.26 6.84 -4.58 

Lund cap_reest 0.6 4.82 6.60 4.19 3.70 0.48 

Solna cap_reest 0.6 5.21 10.69 8.08 2.94 5.14 

Täby cap_reest 0.6 5.63 21.33 18.51 3.58 14.93 

UV - Kyrkvägen cap_reest 0.6 4.44 4.70 2.48 1.64 0.84 

UV - Mälarvägen cap_reest 0.6 4.78 4.78 2.30 6.84 -4.54 

Lund new1 0.0 4.46 4.46 1.99 3.70 -1.72 

Solna new1 0.0 4.88 8.21 5.76 2.94 2.83 

Täby new1 0.0 5.35 14.82 12.15 3.58 8.56 

UV - Kyrkvägen new1 0.0 4.26 4.26 1.86 1.64 0.22 

UV - Mälarvägen new1 0.0 4.92 5.24 2.79 6.84 -4.05 

Lund new1 0.1 4.50 4.50 2.12 3.70 -1.59 

Solna new1 0.1 4.94 8.60 6.13 2.94 3.19 

Täby new1 0.1 5.42 16.18 13.47 3.58 9.89 

UV - Kyrkvägen new1 0.1 4.30 4.30 2.01 1.64 0.37 

UV - Mälarvägen new1 0.1 4.93 5.31 2.84 6.84 -4.00 

Lund new1 0.2 4.53 4.53 2.26 3.70 -1.45 

Solna new1 0.2 4.99 9.03 6.54 2.94 3.60 

Täby new1 0.2 5.49 17.82 15.08 3.58 11.50 

UV - Kyrkvägen new1 0.2 4.35 4.35 2.17 1.64 0.53 

UV - Mälarvägen new1 0.2 4.94 5.37 2.90 6.84 -3.94 

Lund new1 0.3 4.57 4.69 2.41 3.70 -1.30 

Solna new1 0.3 5.04 9.52 7.00 2.94 4.06 

Täby new1 0.3 5.56 19.84 17.06 3.58 13.48 

UV - Kyrkvägen new1 0.3 4.40 4.54 2.34 1.64 0.70 

UV - Mälarvägen new1 0.3 4.95 5.44 2.96 6.84 -3.88 



 

    

Roundabout T&T0 Model EF factor                                   

Lund new1 0.4 4.61 4.87 2.56 3.70 -1.14 

Solna new1 0.4 5.10 10.05 7.50 2.94 4.56 

Täby new1 0.4 5.63 22.38 19.56 3.58 15.98 

UV - Kyrkvägen new1 0.4 4.45 4.74 2.52 1.64 0.88 

UV - Mälarvägen new1 0.4 4.96 5.50 3.02 6.84 -3.82 

Lund new1 0.5 4.65 5.05 2.73 3.70 -0.97 

Solna new1 0.5 5.15 10.65 8.08 2.94 5.14 

Täby new1 0.5 5.70 25.83 22.98 3.58 19.40 

UV - Kyrkvägen new1 0.5 4.50 4.96 2.71 1.64 1.07 

UV - Mälarvägen new1 0.5 4.98 5.58 3.09 6.84 -3.75 

Lund new1 0.6 4.68 5.25 2.90 3.70 -0.80 

Solna new1 0.6 5.21 11.39 8.78 2.94 5.85 

Täby new1 0.6 5.77 30.33 27.44 3.58 23.86 

UV - Kyrkvägen new1 0.6 4.55 5.18 2.91 1.64 1.27 

UV - Mälarvägen new1 0.6 4.99 5.65 3.15 6.84 -3.69 

 


