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Summary
This study describes the investigation into the effect of stopped cyclists on the shape of the cyclists
fundamental diagram in dense traffic. It has been shown that unlike cars, cyclists can manage to
maintain high flows even if densities are high. When densities become even greater some cyclists
will have to come to a stop because there is no more space for them to move. As the fraction of
stopped cyclists increases it is expected that bicycle traffic flow can no longer maintain the high flows
that would otherwise be possible. It is expected that cycling will be even more prevalent in the future
as governments continue to invest in cycling infrastructure and motivate people to seek alternatives
to cars. As such, situations where bicycle traffic is dense will become more common. This study will
further our understanding of precisely this situation.
To investigate cyclists’ behaviour in dense conditions this study employs a twofold approach. First,
an experiment was set up to measure the speed at which cyclists come to a stop. Cyclists were tracked
as they came to a stop at a traffic light. The speed at which cyclists put their foot on the ground was
selected as their ’stopping speed’. This ’stopping speed’ was then used to distinguish between cycling
and non-cycling cyclists in the second part of this study. Distinguishing these two groups is vital to this
study as we are interested in differences between the stopped and moving cyclists. The second part
uses trajectory data of a large scale cycling experiment where cyclists were asked to cycle around on
a set track to investigate the impact of stopped cyclists on traffic flow. Using the trajectories speed,
density, flow and the fraction of stopped cyclists could be calculated. Using these four variables the
impact of stopped cyclists on traffic flow was quantified.
The ’stopping speed’ of cyclists was found to be, on average, 2.1 km/h. Using this to distinguish
between stopped and moving cyclists showed that greater densities results in more stopped cyclists.
It also showed that the fraction of stopped cyclists remained zero until a peak in flow was reached.
What is interesting is that the speed of moving cyclists remained constant at 7 km/h while the fraction
of stopped cyclists increased. This is faster than was previously thought. Combining the findings gives
us the following explanation: an increase in density causes a decrease in speed which then causes an
increase in the fraction of stopped cyclists which in turn causes a reduction in flow.
This study has given an indication for how to differentiate between cycling and stopped cyclists
using a threshold speed. There is still room for improvement in this differentiation which can improve
the accuracy of findings. Using our differentiation the effect of stopped cyclists on the flow of bicycle
traffic was shown and will need to be taken into account in the future. The fundamental relation of
traffic is also more complex than previously thought. The implication from these findings is that flow
can remain constant accross a large range of densities as long as the fraction of stopped cyclists is low.
In practice a goal of bicycle traffic operations will need to be to keep cyclists moving in order to keep
flow high.
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1
Introduction
A development towards more sustainable transportation modes has been ongoing in many places
across the world. One of the transportation modes that is receiving attention in this context is the bicycle.
As one of the most efficient means of transportation in terms of energy use [6] bicycles can be an
effective solution to our (urban) transportation issues and replace motor vehicles which have an energy
requirement 35 times greater than a bicycle considering average car occupancy. In addition, the driving
force for most motor vehicles is an internal combustion engine which requires fossil fuels to operate.
Even if the vehicle is electrically powered that electricity needs to come from somewhere, which is
currently mostly from non-renewable sources. At the same time, a bicycle requires only human power or
a modest amount of electricity for an electric bicycle. As a result, bicycles are a very efficient and clean
way for people to move around. Not only that, but cycling is also a benefit economically as per kilometer
travelled cycling yields a surplus of e 0.81 while car traffic causes a loss of e 0.04 [51]. A large factor
in the benefits of cycling comes from the substantial health benefits [58] it provides, especially when
compared to car traffic [18]. Thus, promoting cycling will be a net positive environmentally, economically
and health wise.
Keeping this in mind and following developments of cities around the world it is expected that more
people will cycle in the future. To accommodate this development cycling infrastructure will need to be
adapted to deal with greater traffic volumes. Unfortunately, how cyclists operate in high traffic volumes is
not as well understood as for motor vehicle traffic. As such, the processes that occur in these conditions
are yet to be examined. With the increasing bicycle traffic volumes gaining a better understanding of
cyclists behaviour is thus important for designing better infrastructure and accommodating this change.
This study seeks to improve this understanding by looking at congested conditions for cyclists. Previous research on bicycle traffic has focused on applying the same principles that were applied to car
traffic to bicycle traffic [53]. This means that the fundamental relation of traffic developed by Greenshields [27] was applied to bicycle traffic. In addition, the accompanying fundamental diagram of traffic
that graphs the relation between speed, density and flow was also used. Since then, research into
single file traffic [56, 2, 86, 36], roadway capacity [9] and uninterrupted conditions [1] has taken place.
Some branching out has also occurred, such as investigations on traffic at traffic signals [64], overtaking behaviour [54] and operational behaviour while cycling [46]. For investigating interrupted conditions
simulation studies have been, and continue to be, a popular approach due to the difficulty in obtaining
observations for high volume bicycle traffic and the (computational) simplicity of implementing cellular
automata models for traffic [35, 26, 66, 45]. However, the accuracy of simulation approaches is still not
good enough and the lack of data in interrupted conditions means that the data can be fitted whichever
way the authors want [34]. To remedy this, some recent studies have made use of large scale experiments to fill this gap in high volume observations, notably Gavriilidou et al. [23] and Guo et al. [29].
A surprising finding from these experiments was that bicycle traffic sees an increase in flow initially,
but as traffic volumes and cyclist density increases the flow remains constant across a wide range of
densities [29].
Taking the findings from these authors as a starting point this study notes the absence of investigations into stationary cyclists specifically. It is hypothesized here that in high density situations a relation
between moving cyclists and stopped cyclists. ”Stopped” refers to cyclists who are no longer pedaling
1

2
and have had to put a foot on the ground. This relationship is based on the idea that cycling at very low
speeds is difficult and that a bicycle becomes unstable. Only when enough room to move is available
they start up again and continue cycling at a speed where their bike is not too unstable. From this we
believe at a macroscopic level it is not the speed of moving cyclists that goes down but the share of
moving cyclists that goes down. The speed of moving cyclists cannot decrease below a certain value
as this would make it too uncomfortable/hard to ride. As a result, as density increases the share of
moving and stationary cyclists changes in favor of more stopped riders, rather than the speed decreasing further. Of course, on the macroscopic scale this means that the average speed is decreasing but
the behavior of individual cyclists would be either cycling or stopped. This idea is based on the work by
Herman and Prigogine [32] on the relation between stationary and moving vehicles. Combining what
we already know and this hypothesis into a theory of bicycle traffic flow in high density conditions is the
goal of this study. To investigate this the following question was formulated that captures the aspects
this study is interested in:
What is the relation between stopped and moving cyclists in dense traffic and how does it relate to
the shape of the cyclists’ fundamental diagram of traffic?
This question has three terms that are crucial in this understanding: stopped cyclists, dense traffic
and the fundamental diagram of traffic. As mentioned, stopped cyclists refers to cyclists who are no
longer able to keep one or both feet on the pedal and instead have had to put one or both feet on
the ground. We use this method of foot on the ground as it offers a convenient and simple way to
distinguish between stopped and moving cyclists. This means that they do not need to be stationary
(i.e. have a speed of zero) to be stopped. However, this raises the question of at which speed a cyclist
can be considered stopped but also how they come to a stop. Which we will address in one of our sub
questions. The term dense traffic refers to conditions in which cyclists are interrupted by fellow cyclists
during riding. To investigate dense traffic specifically we add a sub question that relates dense traffic to
stationary stopped cyclists. Furthermore, we also relate stopped cyclists and traffic flow in another sub
question to address the specific relation between these two variables. Then, the fundamental diagram
of traffic refers to the visualized fundamental relation of traffic as first defined by Greenshields [27]. This
study uses this as the basis for an expanded theory of bicycle traffic flow with additions by other authors.
However, to gain a thorough understanding of Greenshields [27] and the additions of other authors we
formulate a sub question that addresses this specific problem. This leaves us with the following four
sub questions:
− How does the fundamental diagram of traffic describe bicycle traffic?
− How can stopped be defined with regard to the cyclist’s behavior at very low speeds?
− What is the relation between the fraction of stopped cyclists and traffic density?
− How do stopped cyclists impact the flow of bicycle traffic?
To address these questions this study uses two experiments that examine the behavior of cyclists
at low speeds and examine cyclists interactions with each other. The order of these questions is in
accordance with the order in which they will be discussed in this study. First, we will address previous
research into bicycle traffic flow theory in a literature review (chapter 2). In doing so, we will answer
the first question. Then, we use this understanding to build a conceptual model of bicycle traffic that
establishes which variables are relevant and how they relate to each other (chapter 3). This shows our
current level of understanding and also shows what this study adds to this body of knowledge. This is
followed by a chapter on how cyclists come to a stop and using this knowledge to establish a threshold
value to distinguish between stopped cyclists and moving cyclists (chapter 4). This is needed to answer
the sub question and to function as input in the next chapter for distinguishing between stopped and
moving cyclists. Then, we investigate the relation between the fraction of stopped cyclists and the three
fundamental variables of traffic. This is split into two parts, first a chapter on the methods (chapter 5)
and then a chapter on the results (chapter 6). Finally, we combine the answers to our sub questions to
formulate an answer to the main research question in the conclusion chapter (chapter 7).

2
Review of literature
The macroscopic characteristics of traffic flow are the basis this study builds on and so a comprehensive
understanding of macroscopic traffic flow theory is important. Of course, traffic is the collection of many
individuals driving on a road and so a microscopic understanding of traffic is also useful. However, a
comprehensive microscopic understanding of traffic is not needed to understand how traffic works at a
macroscopic level. As such, this study will look at microscopic characteristics when it is necessary, but
the main focus will be on the macroscopic level as this is the level where this study seeks to improve
our understanding. In this light, our goal in discussing previous research is to answer the sub-research
question on how the fundamental diagram of traffic describes bicycle traffic. By answering this question
a comprehensive understanding of the current state of knowledge of bicycle traffic flow theory is formed
that will assist in making this study relevant and accurate.
This review of literature begins with a discussion on the development of traffic flow theory by Greenshields [27]. His theory of car traffic is then expanded upon through developments by subsequent
authors. We start here because this is the same basis that formed bicycle traffic flow theory. In addition, motor vehicle traffic flow theory has had more time to develop and is therefore better understood.
Following this, we discuss the fundamental diagram of cyclists specifically noting, among other things,
differences between it and motor vehicle traffic. Then, we discuss the fundamental diagram of pedestrian to compare how bicycle traffic and pedestrian traffic differ or align. This adds to our understanding
of bicycle traffic as findings from pedestrian traffic flow theory may be applicable to bicycle traffic. Then,
we return to bicycle traffic and discuss which variables affect cyclists and thereby bicycle traffic. This
limits our selection of variables that we investigate and also allows us to know the impact of other variables such that their impact on the results of this study are minimal. This is later used as setup for the
conceptual model of bicycle traffic and uses the previous sections as basis. Finally, the stability of the
bicycle is addressed to further our understanding of the effects of these variables on bicycle traffic.

2.1. The fundamental relation of traffic
The explanation of the fundamental diagram begins with Greenshields [27] and the relation between
traffic variables he discovered. This is needed to establish a base for the discussion in the next section
where later authors and their fundamental diagrams are discussed. This second part is useful to understanding the development of the discipline and to see how bicycle traffic flow theory has undergone
a similar development.

2.1.1. Greenshields and a fundamental diagram
The fundamental relation of traffic as discussed here is an explanation for how traffic flows on a road
through which we can predict and explain what we see in the real world. It is important to note that
this relation relies on uninterrupted conditions, which means that no intersections or traffic lights where
vehicles may need to slow down or stop. This fundamental relation of traffic was developed by Greenshields in the 1930’s and is the starting point for this study because the model he developed was the
first to note the relationship between the variables density, speed and flow. Following this we will look
at the resulting fundamental diagrams (both of Greenshields and others) and then discuss how this all
3
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Figure 2.1: Three variations of the fundamental diagram [71].

applies to bicycle traffic.
As mentioned, Greenshields noted the relationship between density, speed and flow. Here, density
(k) is the number of vehicles over a certain distance in a lane at a point in time, speed (u) refers to the
average speed of vehicles in a lane and flow (q) refers to the number of vehicles passing a point per time
unit. We can combine these variables to form the following formula that is known as the fundamental
relation of traffic:
q =k·u

(2.1)

The true advancement of Greenshields was not just in seeing this relationship but also experimentally measuring and graphing it. Such a graph is called a fundamental diagram and makes understanding the relationship intuitive. The easiest to understand graph is the relation between speed and density
as the relationship between these is linear, as assumed by Greenshields. We graph this with speed
as a function of density and so we observe the average speed of traffic as the density increases (see
Figure 2.1 top left).
With a very low density every vehicle or cyclist (the word vehicle is used here but can be freely
changed to cyclist as the same is true for both) can move at whatever speed it likes as it does not
encounter other vehicles. When there are more vehicles on the road this changes as it is more likely that
vehicles encounter other vehicles. People that drive faster encounter slower drivers more frequently
and get ’stuck’ behind them. They will then need to drive slower than they would like and have to
adopt the speed of the slower vehicle in front of them. Thus lowering the average speed driven on the
road. As the density continues to increase the average speed moves ever more towards that of the
slowest driver. At the same time, another process is occurring that is lowering speeds. An increase in
the density means a decrease in the average headway distance between vehicles. As this headway
distance decreases people decrease their speed to keep their time headway at around 2 seconds [77].
This time headway seems to remain rather constant (at 2 seconds) for higher speeds while the preferred
distance scales linearly with speed, see Figure 2.2 for a visual representation.
The top left image in Figure 2.1 shows this linear relationship. There are also several terms in this
graph that define specific points in the fundamental diagram. Sf in the top left of the diagram is the free
flow speed, the speed at which vehicles drive when there are no disturbances due to other vehicles.
In the bottom right of the speed density diagram there is Dj , the jam density. This jam density is the
density at which all vehicles are stationary and no movement is possible due to insufficient space (and
so speeds are zero). The other two terms, So and Do , will be explained after the next diagram in the
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bottom left of the image is explained as they make more sense in that context.

Figure 2.2: Headways as function of speeds expressed in time and space [77].

The relation between speed and density is the basis for understanding the relation between flow
(which we have ignored so far) and density. Again, we take the flow as a function of density and
observe what happens to the flow as density increases from zero to Dj , the jam density. First, at a
density of zero there are no vehicles passing by and so the flow is zero. As density increases the flow
also increases because more vehicles on the road means more vehicles pass by. However, this is not
a linear increase, because as the density increases we have previously seen that the speed starts to
decrease. This lower speed results in a reduced flow (think of the formula q = k · u, lower u means
lower q), and so the flow increases but not as much as might be expected if the speed remained high.
As density continues to increase the flow continues to increase with it, albeit more and more slowly. At
Do we reach the density at which the flow has peaked and we have reached the capacity for the road.
This point is also indicated for the other variables speed and flow using So and Vm respectively. These
can be found in the other diagrams in Figure 2.1. After Do the density can continue to increase because
there is still enough space between vehicles. In fact, the density is only about halfway to its maximum
at Dj . The trend we can observe here is that as density increases further the flow decreases. This
is the continuation of the pattern we observed before, where a greater density leads to lower speeds
and thus a lower flow. At some point the flow becomes zero and we have reached a point at which all
vehicles are so close together that nobody can move, this is called the jam density, indicated by Dj .
The interchangeability of the terms ‘vehicle’ and ‘cyclist’ in the explanation above can already tell us
that this kind of description holds true for all kinds of traffic (incl. pedestrian, if they move in one direction). While there are some differences, which we will discuss later, the core story of higher densities
leading to a reduction in speed remains true.

2.1.2. The shape of the fundamental diagram
As we have seen the traffic model of Greenshields is linear in the density speed relation, this leads
to the parabolic shape in the density flow relation. Other shapes have since been proposed that seek
to better capture the observed behaviour in real world traffic situations. For instance, Daganzo [17]
suggests a fundamental diagram where the density speed relation is not linear, but starts horizontal
before becoming an inverted exponential curve. Such differences in shapes between fundamental
diagrams of different authors are due to how they explain observed (and sometimes simulated) traffic
phenomena. In the case of Daganzo [17], the argument is made that traffic in free-flow conditions does
not slow down as density increases. Instead, he suggests that traffic only slows down when traffic
reaches Do , the density at which flow peaks (critical density), see Figure 2.3, diagram g and diagram
b.
Wageningen-Kessels et al. [75] show two more more shapes for the fundamental relation of traffic,
those of Smulders and Drake (both shown in Figure 2.3). In addition, I have added the discontinuous
fundamental diagram of Wu [83] for a more complete image. The fundamental diagram of Smulders
as shown here describes an initial linear decrease in speed, before the critical density, after Dcrit a
non-linear inverted exponential relation is shown for the congested branch of the fundamental diagram.
The fundamental diagram of Drake shows a more gradual decrease in speed at low densities before a
larger decrease in the middle and finally leveling off at higher densities. The fundamental diagram of
Wu is similar to that of Drake but the decrease around the critical density is even steeper, perhaps even
vertical. The shapes of these speed density relations (on the bottom row of Figure 2.3) result in different
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Figure 2.3: Fundamental diagrams of different authors, adapted from Wageningen-Kessels et al. [75] with addition of Wu [83]

shapes for the flow density relation (on the top row). The relation of Greenshields was parabolic, that of
Daganzo bi-linear and that of Smulders parabolic linear. Drake shows a parabolic graph with a normal
distribution like shape after the critical density. The graph of Wu is parabolic initially, before a capacity
drop and corresponding discontinuity at the critical density, and finally a linear decrease.
This capacity drop at the critical density was first shown by Hall and Agyemang-Duah [30] and [7]
[7]. They found that there is a drop in the capacity on a road when a queue discharges compared to the
capacity before the queue, which they called the capacity drop. Such a capacity drop means that a drop
in capacity of 3% [7] to 6% [30] was observed during the queue discharge compared to the pre-queue
situation. For the fundamental relation of traffic this results in a discontinuity as at the same density,
two different values for the flow are possible. As such, we get a discontinuous fundamental diagram
as can be seen in Figure 2.3 in diagram e. Many other numbers for the capacity drop have been found
as well and there does not seem to be a consensus on what is the right number and if it is applicable
to all situations. For example, Chung, Rudjanakanoknada, and Cassidy [16] reports a capacity drop
between 3% and 18%. Such large ranges are typical of capacity drop studies by different authors. In
addition, the precise shape of the discontinuous fundamental diagram can differ from author to author
as well as if the section with lower capacity overlaps with the higher pre-queue capacity (e.g. Wu, [83]).
As we have seen the fundamental relation of traffic is used to macroscopically describe vehicular
(or other) traffic on a road. We have examined the type of relationship between the three variables
flow, density and speed and found that authors create different shapes for the fundamental diagram.
Using this understanding, we can apply fundamental diagrams and the relations to study bicycle traffic,
create our own fundamental diagrams and comment on the shape of our own fundamental diagrams.

2.2. The fundamental diagram of cyclists
Following the development of the fundamental relation of traffic for vehicles these same principles were
applied to cycling traffic by Miller and Ramey [53]. This is possible because cycling traffic and vehicle
traffic share several characteristics. These similarities (in the sense of traffic) are:
• With some exceptions, both require a road for users to travel on
• The user is free in where to go (e.g. not bound by rails)
• Both use the rotation of the steer to move the wheels to change direction
• Steering controls lateral motion
• A mechanical force is applied to spin the tires and move the vehicle forward
• There is directionality of traffic
Of course, most people would probably be hard pressed to describe a car as similar to a bicycle.
Behaviour can be different but the description of movement can be similar between the two modes. For
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instance, speeds are lower, users take up less space and vehicles look different but the principles are
the same. This means that we can apply the same principles that we have learned in vehicle traffic
to bicycle traffic. First, we contrast vehicle traffic and bicycle traffic by discussing the concept of lanes
and lane use. Then, we give attention to the fundamental diagram itself.

2.2.1. lane formation and use
The only ’real’ difference is the way in which people use the road, more specifically where on the
road they are located. Road traffic uses lanes to control where people can and cannot drive. Bicycle
traffic also has lanes but they are much more loosely defined and cyclists use lateral space more freely
[70]. We can clearly see this more liberal use of lateral space in Figure 2.4 [28]. In low volume traffic
conditions, see Figure 2.4a and 2.4b, there is a clear area where people cycle most but there are always
plenty of outliers. In the case of Figure 2.4a a quarter of cyclists are not in one of the three highest
bars. Even for high volume cycling on a narrow track, see Figure 2.4c, there is a large share of cyclists
(19%) that are not in the most used areas (less than 5% share). While we do see two main lanes that
are formed in this figure, there are still cyclists that do not use them. Increasing the width of the road
separates cyclists out even more and shows us that while many cyclists stay close to the edge of the
road there are just as many that don’t, perhaps because they are passing others or for some other
reason (see Figure 2.4d). Thus, instead of lanes there are sub-lanes that can be formed on the path
[79]. As these sub-lanes form the saturation flow increases and with it the capacity of the road [64].
It should also be noted that in some cases lanes are an invalid concept for vehicle traffic as well. In
the case of South(-East) Asian countries where vehicles move freely accross the width of the roadway
lanes are not applicable either [4].
There are some exceptions to the non-applicability of lanes to bicycle traffic. In experiments where
authors use single file bicycle traffic it is not possible for multiple lanes to form or for cyclists to use the
width of the bike path freely. For this reason lane based metrics for cyclists are used. In the case of
Shan et al. [66] flow and density are represented as bicycles/hr/lane and bicycles/km/lane respectively
while in the case of Jiang et al. [36] density is presented as the number of bicycles on the track (with
flow the same as before). However, I would argue that single file bicycle traffic experiments do not
capture the full behaviour of cyclists as this has removed the ability of cyclists to freely use the road as
they normally would, as was shown by Greibe and Buch [28].
As a result describing bicycle traffic using lanes does not make sense and another approach is
needed. Instead of using lanes to define where people ride we can use an area to define where people
ride. This creates two changes in the units that we have previously seen for vehicle traffic: density
and flow. Density changes from (for example) veh/m/lane to cyclists/m2 while flow changes from (for
example) veh/s to cyclists/s/m, speed remains unaffected by these changes. How these changes
impact the shape of the fundamental diagram is, among other things, the topic of this study.

2.2.2. The fundamental diagram
Previous studies have assumed the fundamental diagram of cyclists to have the same shape as that of
motor vehicle traffic. So, looking at the density flow diagram (see Figure 2.5), there is an initial increase
in flow as density increases. As we have seen this is accompanied by a decrease in the average speed.
This continues until we reach the critical density and flow starts to decrease as density increases further.
This can be seen in the fundamental diagrams by Gould and Karner [26] and Jin et al. [39] in Figure
2.5. This finding is further supported by Jiang et al. [36] and Jia et al. [35] amongst others.
A recent study by Guo et al. [29] has questioned this assertion and found a fundamental diagram
different in shape. We can see this difference in Figure 2.5 on the left where the fundamental diagram
of Guo et al. is overlaid on that of Gould and Karner [26]. The main difference is in the congested part
of the fundamental diagram. After a peak in flow (the capacity of the road) Guo et al. find that the flow
remains high for some time while in all other cases a decline in flow is observed, predicted or simulated.
Only after a very high density (around 0.5 cyclists/m2 ) is reached does the flow decrease quickly.
Guo et al. [29] explain this difference through the formation of more lanes as the density increases.
This process only stops because of space restrictions of the track and only when this happens does the
flow decrease. The flow is higher because higher speeds are possible with the formation of lanes and
the organisation of cyclists into a zipper pattern. This pattern increases the distance between cyclists
and reduces the potential for collisions, thereby increasing speeds. As such, the staggered zipper
pattern is an important aspect that allows for more efficient use of space on wider tracks. This also
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(a) Cyclists position on a 1.73 meter wide cycle
track with cycling traffic between 360 and 1440
cyclists per hour.

(b) Cyclists position on a 2.85 meter wide cycle track with cycling traffic
between 360 and 1440 cyclists per hour.

(c) Cyclists position on a 1.73 meter wide cycle
track with cycling traffic greater than 2880 cyclists
per hour.

(d) Cyclists position on a 2.85 meter wide cycle track with cycling traffic greater
than 2880 cyclists per hour.

Figure 2.4: Cyclists position on the road given different widths and traffic volumes, in Greibe and Buch [28].
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Figure 2.5: The fundamental diagrams of bicycle traffic by Guo et al. [29] (yellow), Gould and Karner [26] (blue) and Jin et al.
[39] (red). The grey area shows the field data points as collected by Jin et al. Note that this depicts the shapes found by these
authors, not the (flow) values.

means that single file experiments consistently underestimate the maximum flow and allow for lower
densities compared to multi-lane experiments. As a result such experiments are not representative of
cycling traffic in the real world and cyclists in a single file experiment behave more like cars than like
bicycles.
Figure 2.5 also shows us another problem that many studies have experienced, namely a lack
of observations for the congested part of the fundamental diagram. In the the case of Jin et al. [39]
on the right side of the figure we can see that observations do not show a (strong) decrease at higher
densities. What cannot be seen is the density of observations, which get sparser as we move to greater
densities. Despite this it seems like the shape of the fundamental diagram does not correspond to the
field observations. Instead, the fundamental diagram should have remained higher for much longer.
In some cases authors have elected not to show the congested branch of the fundamental diagram,
which may be for this reason [66, 38, 46].
Interestingly, the data from which Jin et al. [39] construct their fundamental diagram seems to not
show a decrease in flow at higher densities (similar to the conclusion reached by Guo et al. [29]).
Instead of [29] however, Jin et al. [39] construct the fundamental diagram as if it was decreasing at
higher densities like the fundamental diagram of motor vehicles.
A characteristic of motor vehicle traffic, the capacity drop, has been investigated for cyclists. A study
by Jiang et al. [36], who used a single file experiment, showed no capacity drop, while Wierbos et al.
[79] did find a capacity drop. Wierbos et al. found a drop in flow at the discharge location of the queue
which is indicative of a capacity drop. Given that a capacity drop does seem to exist for multi-lane
bicycle traffic it is interesting that for single file traffic this was not observed as a capacity drop for single
file traffic is observed in car traffic. It is interesting to note that a capacity drop is not reflected in any of
the cyclists fundamental diagrams we have seen. This means that other authors have also assumed
no capacity drop exists or they found none (but did not discuss it).

2.3. The fundamental diagram of pedestrians
In the same way that vehicle traffic and bicycle traffic can be described by the fundamental relation of
traffic so too can pedestrian traffic. Researchers have investigated pedestrian traffic dynamics extensively with a focus on personal characteristics, the environment, kinds of interactions and interactions
between many pedestrians within a stretch of infrastructure. We will discuss some findings that detail how the pedestrian fundamental diagram has been investigated and what it looks like. In addition,
some results will be presented that indicate similarities and differences between pedestrian and bicycle
traffic, especially in relation to the fundamental diagram.
The application of the variables speed, density and flow to pedestrian traffic was first applied by
O’Flaherty and Parkinson [57]. Since then, many authors have used a similar approach to describe
pedestrian traffic (see [43, 68, 65, 31] amongst others). Figure 2.6 shows the fundamental diagrams
as constructed by Helbing, Johansson, and Al-Abideen [31], Seyfried et al. [65] and Appert-Rolland
et al. [3]. The shapes of their fundamental diagrams differ but there seems to be some agreement
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on the flattening out of speeds at higher densities. That said, the whole body of research has not
resulted in agreement on the topics of capacity, free-flow velocity, jam-density and the shape of the
fundamental diagram [20]. These topics of contention are similar to those of bicycle traffic and it is
therefore interesting to see what overlap, if any, exists.

Figure 2.6: Pedestrian fundamental diagrams by three authors.

The first topic of contention is the free-flow speed. It has been shown that the free flow speed of
pedestrians in Asian countries is lower than that of pedestrians in Western countries [69, 43, 68, 72,
14]. However, a study that conducted an experiment in Germany and India where the authors were
specifically looking for cultural differences did not find a difference in the free flow speed [15]. Despite
this finding there is a large body of research suggesting that cultural differences do impact the free
flow speed of pedestrians. This is interesting because as we have seen, results from cyclists seem to
indicate a similar difference with studies from China finding lower free flow speeds than studies from
Western countries. In addition, Chattaraj, Seyfried, and Chakroborty [15] find that Indian pedestrians
are more willing to accept higher densities leading to a greater jam density than for German pedestrians.
The impact of cultural elements on traffic phenomena is interesting and means that results are not universally applicable and that alternative approaches may be needed based on local cultural conditions.
In other words, there may be an Indian fundamental diagram of traffic and a German one.
Commonalities between between pedestrian traffic and bicycle traffic research can be found in the
types of experiments researchers have conducted. Like in bicycle traffic research single file experiments are a popular approach for looking at pedestrian traffic (e.g. [65, 13]). However, this eliminates
some key aspects of pedestrian behaviour such as heterogeneity in walking speeds resulting in overtaking and interactions between pedestrians in bi-directional flows.
There is also overlap in the assertion that anticipation behaviour impacts traffic. Duives, Daamen,
and Hoogendoorn [19] tell us that movement upstream of a bottleneck for pedestrians is governed by
the information they have (i.e. what they can see) of the traffic state ahead of them. On the other hand,
movement downstream of the bottleneck is governed by the local situation only. Cyclists either reduced
speed in anticipation of congestion in front of them or they tried to fill the gaps that appeared as other
cyclists slowed down [80]. The result of this behaviour for cyclists was a more gradual decline in speed
as density increased. Correspondingly, the flow is impacted as well and the normally clear boundary
between free-flow and congested conditions becomes more vague.
In congested conditions with high densities stop and go waves can also be observed for pedestrians
[31, 3]. But more than that, pedestrians can experience what is called turbulent flows in even higher
densities [37]. Turbulent refers to a situation in which pedestrians are no longer in control of their
own movement but are being moved by the crowd around them. These situations are very dangerous
for pedestrians as there is a high risk of trampling and crushing leading to injury or death. This is
not hypothetical as Wikipedia lists 126(!) cases of ’human stampedes and crushes’ between January,
2000 and February 2022 (the writing of this study) in which an estimated 7600 people died. The most
recent case, at the time of writing, was in Yaoundé, Cameroon where 8 people died. This phenomenon
seems to be unique to pedestrians as, to the knowledge of the author, such a situation has never been
observed for cyclists or motorists.
bi-directional flows in pedestrian traffic differ from cycling in the rigidity of lane formation. Where
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bicycle traffic is controlled using a division of the road into directions (even if no lane markings are
present) we do not see this in pedestrian traffic. Instead, pedestrians form ’local’ lanes, which means
that a lane may appear and then disappear to accommodate traffic conditions at that time. What this
means for the fundamental diagram is that the capacity of bi-directional pedestrian traffic is lower than
that of uni-directional pedestrian traffic.
These findings for pedestrians indicate that the greater freedom of movement and the (almost)
instant acceleration of pedestrians leads to differences in observed behavior between cyclists and
pedestrians. The bi-directional changes to flow and turbulent flows are not applicable to cyclists while
the anticipation behavior is very relevant for both modes of transport. What this means is that while
developments in our understanding of pedestrian traffic can be relevant to cycling traffic. The findings of
one are not immediately applicable to the other and so it is relevant to establish research methodologies
that are specific to either pedestrians or cyclists.

2.4. Variables influence on bicycle traffic
This section discusses the variables that were found to have an impact on bicycle traffic. This is relevant
to this study as the we want to minimize the influence that changes in variables that we do not investigate
have on our results. It quickly becomes clear that there is great heterogeneity of results between
different authors and that authors disagree on the specifics of bicycle traffic. There is also no real trend
in this heterogeneity (e.g. age of publication) with no two papers finding exactly the same result. This
section is sorted under the common themes of capacity (flow), speed and density based on Miller and
Ramey [53]. Using this we look at why authors disagree and if trends can be deduced to be used in
the conceptual model of traffic.

2.4.1. Capacity of bicycle lanes
Table 2.1: The capacity of bicycle traffic as found by different authors.

Authors

Year

Country

Miller and Ramey
Ferrara
Homburger
Vagverk
Botma and Papendrecht
Liu, Shen, and Ren
Navin
Botma
Raksuntorn and Khan
Gould and Karner
Andresen et al.
Li et al.
Seriani, Fernandez, and Hermosilla
Jin et al.

1975
1975
1976
1977
1991
1993
1994
1995
2003
2009
2013
2015
2015
2015

United States
United States
United States
Sweden
Netherlands
China
United States
Netherlands
United States
United States
Germany
China
Chile/UK
China

Standardized capacity
(cyclists per meter)
2640
2550
2600
1250
3600
2100
4000
3200
1875
1667
2880
3375
2350
2343

Hoogendoorn and Daamen

2016

Netherlands

1531

Jiang et al.
Guo et al.
Wierbos et al.

2017
2019
2019

China
China
Netherlands

3688
2340
4000

Notes

Children following adult

No overtaking
High share of E-bikes
at traffic light
Average from many widths
Authors claim capacity
underestimation
No overtaking
Continuous circular track

One of the most remarkable differences between authors that can be found in almost any article on
bicycle traffic is the reported capacity. This capacity corresponds to the peak flow in the fundamental
diagram of traffic. Table 2.1 shows how reported (standardized) capacities are between 1250 and
4100 cyclists/m/h with most values between 2300 and 2700 cyclists/m/h with many outliers high and
low. There is no trend in the year of reporting with older and newer studies showing the same variation
in reported capacity. Similarly, there is no trend for different countries with researchers from both the
United States, Netherlands and China reporting values on the high and low end of the spectrum.
Internally, authors seem much more consistent in reported capacity than between authors. For
instance, Jin et al. [38] reports on the capacity of 11 different bike paths in China with varying widths
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from 2.27 meters to 4.6 meters and finds (standardized) capacities between 2031 and 2535 cyclists/m/h.
Such internal consistency is typical of all articles in table 2.1 and seems to indicate a situation with high
precision but low accuracy for individual studies.
Most studies used varying lane widths to investigate capacities [9, 49, 61, 46, 64, 38, 29], although
some studies used a single file following experiment (e.g. [56, 2, 36]). Studies using no overtaking
experiments show capacities on the high end of the spectrum. This could be the result of standardization as this tends to increase the numbers found in single file experiments. For instance, Jiang et al.
[36] find a capacity of some 2900 cyc/h on a 0.8 meter wide road. This is then standardized to 3600
cyc/m/h. The applicability of this method can be questioned as the authors used single file traffic which
does not translate well to multi-lane traffic or lane free traffic as cyclists cannot overtake each other
which is not natural behaviour. Thus, it may be more appropriate to either leave these results out, or
to not apply the standardization.
The study sites in most experiments were flat, straight and well maintained [9, 26, 38, 64, 34]. Some
authors have used non-straight roads in their experiments (e.g. [36, 29, 23]). This is a common approach in researcher controlled and organized experiments as it is much easier to let cyclists cycle
around a track than to let them cycle straight (and away from you). In most cases however, measurements are from the straight sections of track and not from the circular sections (with Guo et al. [29]
as exception as the whole track is circular). Although Guo et al. [29] claim that the circular nature of
their track does not impact their outcomes there is some question about the impact of distance from
the center of the circular track on the speed. Cyclists closer to the center make a revolution around the
circular track faster than cyclists riding the same speed on the outer sections of track.
It is also common to observe intersections and queue discharge flows instead of uninterrupted
locations as intersections result in much higher flows than would otherwise be possible to observe
[61, 26, 64, 34]. This approach is understandable and explainable, but there may be some problems.
Raksuntorn and Khan Raksuntorn and Khan [61], [26] and Hoogendoorn and Daamen [34] all find a
much lower than average capacity compared to other studies (1875, 1667 and 1531 cyc/m/h compared
to 2500 cyc/m/h on average). Only Seriani, Fernandez, and Hermosilla [64], with a reported capacity
of 2350 cyc/m/h, seems more in line with the averages from other studies.
Looking at similarities or differences between the first three studies and that of [64] may give insight
into why there is such a large gap. All studies conducted research using short period observations (i.e.
only when there was a queue to observe). Raksuntorn and Khan [61] and Gould and Karner [26] used
an observation window of 30 seconds while Seriani, Fernandez, and Hermosilla [64] used a window of
2 or 6 seconds (multiple windows would be combined if enough cyclists were present). Hoogendoorn
and Daamen [34] on the other hand, used a window of 20 minutes and a different method of determining capacity. In this window they found which cyclists were constrained in their movement and used
their headways to estimate capacity. The other authors simply multiplied their observation windows
to standardize to an hour to find the capacity. The short observation window of Seriani, Fernandez,
and Hermosilla [64] may have had impact here as a very short observation window can lead to much
higher flows if you get (un)lucky with the number of passing cyclists (e.g. if multiple people are overtaking someone). This would indicate that the results from this study are higher than might otherwise be
expected and we would find that observing intersections results in lower flows than observing straight
sections. On the other hand, Seriani, Fernandez, and Hermosilla combined windows to come to conclusions and so not all results are from windows of 2 or 6 seconds but more commonly of 10 to 12
seconds. Despite this, the difference in observation time remains. It is also noted that all authors observed students as part of their experiments. This means that observed cyclists are not representative
of the total population and that behaviour may thus be different.
In short, there is no consensus on the capacity of bicycle lanes between authors and although
some of this can be explained through differences in their methodologies this cannot account for the
full discrepancy. As such, other, currently unknown (or currently underrepresented) factors impact
capacity.

2.4.2. (Free flow) speed of cyclists
The free-flow speeds of cyclists has been the topic of many studies since the 1970’s. It has been found
that a lot of factors impact the free flow speed of cyclists. In addition, there is some heterogeneity
among the results from different authors, although not as much as with the standardized capacity we
have seen before.
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Table 2.2: The free-flow speeds of bicycle traffic as found by different authors.

Authors
Miller and Ramey
Homburger
Vagverk
Opiela, Khasnabis, and Datta
Botma and Papendrecht
Liu, Shen, and Ren
Navin
Botma
Wei, Huang, and Wang

Year
1975
1976
1977
1980
1991
1993
1994
1995
1997

Country
United States
United States
Sweden
United States
Netherlands
China
United States
Netherlands
China

Raksuntorn and Khan

2003

United States

Arasan and Koshy
Lin et al.
Parkin and Rotheram
Andresen et al.
Zhang, Ren, and Yang
Jin et al.

2006
2008
2010
2013
2013
2015

India
China
United Kingdom
Germany
China
China

Li et al.

2015

China

Greibe and Buch
Schleinitz et al.
Guo et al.

2016
2017
2019

Denmark
Germany
China

Free-flow speed (km/h)
19.0
17.7
16.0
20.0
19.0
16.3
25.0
18.0
18.2
15.0
22.4
16.0
14.8
21.5
15.5
14.0
18.7
15.3
19.0
21.7
16.4
15.0

Notes

Location 1
Location 2
Mixed traffic

One-way path
Two-way path

Table 2.2 gives an overview of different authors and their results. What becomes clear is that the
studies from China, Germany, India and Sweden find (in general) lower values for the free flow speed
than the studies from the United States, the Netherlands, the United Kingdom and Denmark. What
causes this is not exactly clear but the location where studies were performed seems to matter greatly
as different locations within one country show large variations between sites (e.g. [61, 46]). As such, it
is assumed that local conditions determine to a large extent the free-flow speed of cyclists on the road.
We can see this in the large number of factors that were found to impact the free-flow speed. First,
most reporting authors agreed that wider bike paths lead to higher free-flow speeds [46, 84, 38, 85].
That said, most authors did not seem to consider this as an option and so did not mention whether wider
paths lead to higher free-flow speeds in their studies. Greibe and Buch [28] also found the relationship
between path width and speed but state that it is not very strong. In addition to this, as the average
free-flow speed increases the dispersion of speeds also increases. As such, both the free-flow speed
and speed dispersion increase as the path width is increased.
More infrastructure elements that impact the free-flow speed are the quality of the infrastructure and
the type of road surface [88]. Pavement defects create additional vibrations and these vibrations cause
rider discomfort which results in lower speeds [52]. Asphalt roads induce fewer vibrations than precast
concrete slabs and concrete pavement blocks [24]. As a result, speeds are higher on asphalt roads
than on concrete roads due to this difference in discomfort experienced by riders due to vibrations.
These vibrations also increase for heavier bicycles [22]. In addition to road surfaces Ziemke, Metzler,
and Nagel [88] indicate that slope also impacts speeds. It has been shown that this impact from slopes
is quite large with every additional grade percent downhill resulting in an increase in the mean speed
of 0.2379 m/s and every grade percent uphill reducing mean speed by 0.4002 m/s [60].
Apart from the physical environment the weather conditions also play a role in free-flow speeds.
Cloudy days negatively impacted the free-flow speeds of cyclists while rain did not appear as a statistically significant variable [62]. The effect of wind on the free-flow speed has not been investigated but
it can be expected that tailwind increases free-flow speeds while headwind decreases it. Temperature
is also expected to play a role with temperature extremes resulting in lower speeds.
The types of bicycles and the characteristics of the riders also have an impact on the free-flow
speed. Riders using E-bikes are faster than regular bicycle users [85] and speed pedelecs go even
faster than that [63]. Riders with cargo bikes go slower than all of these [28]. Age is also a significant
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factor with higher average ages resulting in lower free-flow speeds [73, 85]. Men cycled faster than
women [28, 85], but men also had greater speed dispersion than women did [28]. All of these ’personal’
characteristics have an impact on the riding speed of individuals. As traffic is an aggregate of these
individuals they impact the composition of traffic and through changes in this composition they impact
the free-flow speed.

2.4.3. Queue density
We have previously discussed the jam density, Dj , which was defined as the density at which cyclists
are no longer moving due to how close they are to each other. The value of this jam density for cyclists
is reported to be between 0.5 and 0.7 cyc/m2 based on queuing cyclists [56, 12, 87, 82]. Theoretically,
the density can be much higher than 0.7 cyc/m2 as there is enough space for cyclists to stand even
closer together. Whether even higher densities can achieved and what the impact of this would be for
the discharge rate of the queue was investigated by Wierbos et al. [81].

Figure 2.7: Different queue patterns as tested by Wierbos et al. [81]

It was found that the pattern in which cyclists queue up determines to a large degree the maximum
density that can be achieved. Without instructions on how to queue up they found a jam density between
0.6 and 0.7 cyc/m2 , similar to previous studies. However, when instructions were given on how cyclists
should queue up it was found that the jam density could go up all the way to 1.3 cyc/m2 . Participants
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were instructed to use a certain formation and depending on the formation a greater density could
be achieved. Figure 2.7 shows us the patterns that were tested and we can see that there are clear
differences in how close together cyclists are standing between the different patterns. In normal cycling
a pattern similar to that of the top image is formed although a bit more chaotic and sometimes with
missing positions in the formation.
Furthermore, the density of the queue determines to a large extent the outflow rate of the queue
with greater densities resulting in greater queue outflow rates [25, 81]. What this tells us is that high
densities for cyclists can be achieved when cyclists cooperate but that normally, cyclists maintain a
certain distance to each other to keep some space free. What is not clear is why they do not queue up in
the more optimal configuration, although it is likely that this has to do with cyclists feeling uncomfortable
being so close to each other.

2.5. Cycling at slow speeds
Cycling at low speeds is difficult. Luckily, conventional bicycles reduce the rider burden of control as
the speed rises until stabilization becomes trivial [67]. This is also true the other way around where the
burden of control becomes larger as the speed falls and stabilization becomes harder at lower speeds.
A likely indicator of this inability to control a bicycle via steering or body language in normal cycling is
when a rider places one or both feet on the ground. While expert cyclists can balance their bicycle at
or near zero speeds, typical cyclists are unable to or do not wish to expend the effort. Instead, typical
cyclists put their foot on the ground or lean against a wall, pole or other object when stopped. Because
this study looks at the relation between stopped cyclists and flow in dense traffic it is important to know
at which speed(s) cyclists put their foot on the ground. As it turns out this question has not yet been
answered in literature. For for this reason this study will attempt to empirically determine this speed.
To help us understand how this happens and how to best determine this ’minimum speed’ we look at
the developments in research on bicycle stability.
The basis of the cycling slowly is the stability of the bicycle, as to ride a bicycle a rider must keep
the bicycle upright. Stability is defined as the tendency for a dynamic system to return to an equilibrium
state, in this case staying upright. It has long been known, and as anyone riding a bicycle can attest,
that it is easier to keep a bicycle upright at higher speeds [40]. However, bicycles can be self-stable
without rider control. Using linearized stability analysis for a benchmark bicycle Meijaard et al. [50]
found that the motion of their bicycle is unstable up to a speed of 4.3 m/s. At speeds greater than
4.3 m/s oscillations reduce over time and the bicycle is self-stable. At speeds greater than 6.0 m/s
the bicycle becomes (slightly) unstable again. It is also noted that this mild instability at higher speeds
can be easily overcome by rider control. In another article [5] a range between 5.96 m/s and 10.36
m/s is found. Note that these values were found for specific bicycles and that different bicycles have
different self-stable speed ranges. How the bicycle self-stability works has been the topic of research
and debate since the late 1890’s (e.g. [78]) and continues to this day.
What is well understood is that at speed, when a bicycle starts to fall over the bicycle steers the front
wheel into the direction of the fall, this brings the wheels back under the center of mass and stabilizes
the bicycle [42]. It was long thought that the bicycle was self-stable due to the gyroscopic effect of
the wheels or the trail (caster effect) of the front wheel (e.g. [40]). This trail (c) is the distance that the
ground contact point (Q) of the wheel is behind the intersect of the steering axis with the ground. Figure
2.8 visualizes this caster effect and shows a positive trail (i.e. the steer axis is in front of the ground
contact point). It is not disputed that trail and the gyroscopic effect of the front wheel contribute greatly
to self stability.
However, Kooijman et al. [42] built a bicycle that lacks both the gyroscopic effect and the caster
effect but is still self stable. At the same time, the authors acknowledge that both parameters are often
important contributors to the stability but they are not necessary. In their explanation Kooijman et al. [42]
mention the importance of the mass distribution between the front and rear assemblies of the bicycle.
The rear assembly is heavier and has a higher center of mass than the front assembly. This means
that the front assembly falls faster and because the two assemblies are connected the faster falling
causes the front assembly to fall into the direction of the fall. This turning toward a fall is not sufficient
to guarantee self-stability, but it is needed [42].
Because the addition of a rider to the bicycle changes the dynamics of the system (because a rider
is flexible) it is expected that some control is always needed by the rider to keep the bicycle upright,
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Figure 2.8: The trail of the bicycle, indicated with a c, and the point of ground contact of the wheel (Q). Figure adapted from
Kooijman et al. [42].

even in the self-stable range of the bicycle. At low speeds one way in which riders do this is by moving
their knees from side to side. This has been shown to be true as there is greater lateral distance
between cyclists’ knees at lower speeds [41, 55]. Other factors have also been shown to play a role
such as the riders’ level of experience [11], whether riders are seated and their age [73] but also the
riders’ willingness to endure instability.
To summarize and look forward, balancing and controlling a bicycle becomes increasingly difficult
at low speeds. While some cyclists are able to control their bike at any speed most cyclists will not put
in the effort and instead put a foot on the ground when they are stopped. It is likely that a threshold
speed exists at which typical cyclists decide to switch from steering control to ’foot on the ground’ states.
While this speed will vary between cyclists due to bicycle type, age and their level of experience amongst
others it is hypothesized that a threshold value can be found that is generalizable to cyclists as a whole.
In the experiment that is conducted in this study, see chapter 4, I will attempt to find this value. This
value can then be used in the analysis of the data used to construct the fundamental diagram of traffic
as a threshold for separating cyclists with and without a foot on the ground. Based on the idea that
behaviour differences exist between cyclists with a foot on the ground and cyclists without a foot on the
ground further analysis is then carried out on the relationship between traffic variables (speed, density
and flow) and the fraction of cyclists with a foot on the ground.

2.6. Conclusions from literature
Cycling and motor vehicle traffic are alike but have some differences in speeds and how free they are
in their place on the road. Pedestrian traffic is also similar to bicycle traffic but traffic makes use of the
road even more freely. It has been shown that there are a large number of variables that impact traffic
flow for bicycles, both at the individual level and from the environment. Using the variables of speed,
density and flow we can establish the fundamental relation of traffic and capture their interrelations in
a fundamental diagram. It should be noted that the specifics of roadway capacity for bicycles are still
unclear. Furthermore, there is no consensus on free-flow speeds for cyclists. In the next chapter the
relations between these factors are explored further and emphasis is put on the web of relations that
together form bicycle traffic operations. This web of relations is captured in a conceptual model that
combines the variables found here and adds the hypothesized variables investigated in this study.

3
Conceptual model
This chapter summarizes the findings from literature in a conceptual model that serves as the framework
of this study. The main goal of the conceptual model is to make the relations between traffic variables
intuitive to understand. Taking Greenshields as a starting point the conceptual model expands on this by
adding relations identified by other authors. In addition, this study adds a hypothetical connection for the
fraction of stopped cyclists which is investigated in chapters 4 through 7. Thus, the conceptual model
serves as the bridge between the body of knowledge on bicycle traffic and this study. Furthermore, the
conceptual model serves as setup for the experiment conducted in chapter 4 as well as the analysis of
chapters 5 and 6. The conceptual model consists of two parts: first is an overview of the environmental
and personal (microscopic) that were found to have an impact on (macroscopic) traffic and second
are the interrelations between the macroscopic variables of traffic. The two parts will be discussed in
separate sections, first the overview model and then the macroscopic model.

3.1. The overview model
Figure 3.1 shows the overview model of bicycle traffic flow. It has three levels that each contain a
set of variables, the arrows indicate the direction of the relation between the levels. The values of
the variables grouped under cyclists are specific to an individual cyclist and should be seen as the
variables that guide the behaviour of an individual. These cyclists operate within an environment that
influences their behaviour and this is represented in the model through the variables in the environment
level that serve as a factor influencing the variables in the cyclists level. For example, a slope of 2% in
environment lowers the desired speed of cyclists by 0.8 m/s on average [60].
Of course, the influence the environment has on individuals differs between cyclists with some more
impacted than others. For instance, some cyclists will slow down more if the road surface is in bad
condition than others and this heterogeneity should be accounted for in the model. This heterogeneous
impact of environment on cyclists means that the variables in environment are stochastic and normally
distributed (as we know that behaviour follows a normal distribution once the sample size is large
enough).

Figure 3.1: Overview of environmental and personal characteristics shown to have an impact on bicycle traffic.
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The speed of cyclists has been the main dependent variable as identified in literature. The following
environmental variables have been found to have an impact on the speed of cyclists:
− Width of the road [46, 84, 38, 28, 85]
− Quality of the infrastructure [88]
− Road surface type [88]
− Slope [60, 88]
− Weather [62]
− Country (see table 2.2)
In addition to these the variables wind and temperature are added as it is assumed that they impact
the speed of cyclists (see also 2.4.2). It should also be noted that none of the environmental variables
impact each other and they can thus all be considered independent variables. More than their impact
on just the (preferred) speed of cyclists these environment variables also impact the other variables
grouped under cyclists. For example, country is assumed to impact the preferred headway distance
as it does for pedestrians [15].
Not all variables grouped under cyclists are impacted by the environment as they are the characteristics of the cyclist and thus independent. These variables have been shown to impact the microscopic
and macroscopic characteristics of bicycle traffic. The following four independent variables were identified:
− Age [73]
− Gender [28, 85]
− Bicycle type [28, 63, 85]
− Level of experience [11]
While these variables are not impacted by the environment they themselves influence other variables grouped under cyclists. It has been shown that age, gender, bicycle type and level of experience
all impact the preferred speed and it is reasoned here that they also impact the preferred headway and
whether cyclists are seated or not. The preferred headway depends on how much faith cyclist have in
their ability to cycle and how much risk they are willing to take. It is assumed that young cyclists are
more willing to take risks and that men also tend to take greater risks.
In addition to these variables the level of experience has influence on the preferred stopping speed
and the willingness to endure instability. The other variables grouped under cyclists have varying levels
of influence from the environment. But all of the variables grouped under cyclists have an impact on
the macroscopic variables of traffic.
One of the most important varying variables is the willingness to endure instability. Not all cyclists
will put in all the effort to remain upright at low speeds and instead opt to put their foot down long before
they actually fall over. As such, both the preferred stopping speed (which to some degree depends
on the willingness to endure instability) and the willingness to endure instability have been added as
variables.
While we have identified many factors that play a role there are two microscopic variables, the
(preferred) speed and headway, that are special as they can be directly translated into macroscopic
equivalents. For speed this is the average speed and for headway this is the density. Keeping in mind
that macroscopic traffic is defined by aggregated microscopic behaviour we can discuss the macroscopic conceptual model of traffic.

3.2. The macroscopic conceptual model of traffic flow
The macroscopic conceptual model of bicycle traffic tries to capture the relations between macroscopic
variables such that by knowing one variable, we can say something about the others. To visually
achieve this the model is organized into blocks that contain variables. These blocks are linked to each
other through lines showing directionality of the relation and the kind of relation is also indicated using
‘+’, ‘-’ or ‘...’ signs. The meaning of the signage is as follows: a ‘+’ sign indicates that an increase in the
independent variable (e.g. average speed) leads to an increase in the dependent variable (e.g. flow)
[53]. A ‘-’ sign indicates that an increase in one variable (e.g. density) leads to a decrease in another
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Figure 3.2: Macroscopic diagram of bicycle traffic flow.

(e.g. speed distribution) [28]. The ‘...’ sign shows a more complex or nominal relation that cannot be
shown using a ‘+’ or ‘-’ sign. An example of a complex relation shown with ‘...’ is that between queue
pattern and queue discharge flow. It has been shown that different queue patterns can lead to higher
or lower queue discharge flows but this relationship is nominal or ordinal [81]. As such, it cannot be
shown with a ‘+’ or ‘-’ symbol.
The model contains three blue blocks, two grey blocks, five white blocks and one yellow block. All
of these blocks, except the two grey blocks, are variables that macroscopically describe bicycle traffic.
The three blue blocks represent the fundamental relation of traffic as developed by Greenshields [27].
The grey blocks represent the effects from variables at other scale levels on bicycle traffic. The white
blocks are additions made to better describe bicycle traffic macroscopically by other authors. These
blocks are not directly of interest to this study but are important in understanding the complex nature
of bicycle traffic and show what this study does not investigate as well as indicate possible directions
for future research. The yellow block is the fraction of stopped cyclists and is a proposed addition to
the model investigated in chapters 4 through 7. Together these blocks form a macroscopic conceptual
model that can be used to describe bicycle traffic.
As we have seen the average speed of cyclists is impacted by almost all variables and for this
reason the aggregated individual behaviour is shown as related variable. Average speed serves as
input to the stopped fraction of cyclists, flow [53] and the speed distribution [28]. The average speed
receives input from the variables density [53] and lane formation [29].
In this conceptual model density serves only as an input to other variables (i.e. is independent).
Density has an influence on speed and flow from the fundamental relation of traffic. Density also
influences the speed distribution [28], the queue discharge flow [25, 44, 79], lane formation [29] and the
stopped fraction of cyclists. The speed distribution is influenced because more cyclists closer together
means that overtaking is harder and cyclists need to follow others more often thus reducing the speed
distribution. The increase in the stopped fraction of cyclists is expected to occur as greater densities
means lower speeds and less available space to maneuver in, thus an increase in density is expected
to lead to an increase in the fraction of stopped cyclists.
Flow sees impacts from the average speed, the density and the stopped fraction of cyclists. Higher
speeds increase flow while higher densities initially increase flow before reducing it. The stopped
fraction of cyclists is expected to negatively impact the flow after a certain density is reached. As such,
the relation is negative. Overtaking behaviour is influenced by the speed distribution where greater
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speed distribution means more overtaking. It has been noted that overtaking is a mechanism for lane
formation and so overtaking behaviour serves as an input for lane formation. Lane formation also sees
an input from density with greater densities leading to more (sub)lanes being formed. Lane formation
in turn impacts the average speed and the queue pattern. The queue pattern is also impacted by
the fraction of stopped cyclists as moving and non-moving cyclists form in different areas of the road.
The queue pattern determines, together with the density, the outflow of a queue and has seen recent
attention [81].

3.3. Concluding remarks on the conceptual model of bicycle traffic
As we have seen describing bicycle traffic entails many different variables and relations. We have also
seen that it is difficult to capture both macroscopic and microscopic characteristics in a single model.
In the final macroscopic model the two most relevant microscopic variables were added to show that
there is indeed a relation. Of these, the minimum riding speed will be the topic of the next chapter in this
study to determine the fraction of stopped cyclists. Then, using the threshold this study takes density
as the independent variable for discussing speed, flow and the stopped fraction of cyclists in chapters
5 and 6.

4
Stopped cyclists
We have seen in chapter 2.5 that there is very little knowledge on the stopping speed of cyclists. As
such, literature does not provide us with an answer to the question posed in the introduction:
How can stopped be defined with regard to the cyclist’s behavior at very low speeds?
Behavior in the question refers specifically to how cyclists dismount and if this has an effect on their
speed when stopping. The term ‘stopped’ means that cyclists do not have both of their feet on the pedals
because they are moving so slow that they cannot (or do not want to put in the effort to) keep their bicycle
upright without touching the ground. Answering this question seems trivial but is surprisingly complex.
When a cyclist is stopped their speed is zero. However, depending on how speed is measured, the
measurement is likely to result in non-zero speeds because the cyclist is rocking the bicycle back and
forth (if tracking the bicycle) or because the head of the cyclist is moving (if tracking the head). This
also means that how cyclists come to a stop is of interest as this can impact the measured speed. So
while the cyclist is stopped our measurement gives the impression that the cyclist is still moving. This
tells us that our measuring methods are not perfect and that to define stopped as a speed of zero is not
a good idea. Instead, to define a cyclist as stopped this study opts for a threshold value to distinguish
them from moving cyclists. How this threshold value is found is the topic of this chapter. We begin
with a discussion on how the experiment for finding the threshold value is set up (Chapter 4.1). This is
followed by a discussion on the findings from the experiment. This second part (Chapter 4.2) will give
the threshold value and show the other findings from the experiment that will serve as input for the data
analysis in chapter 5.

4.1. Experimental setup
In this experimental setup we first discuss how the location was selected and why these characteristics
are desired. Then, we take discuss why video recordings were used to measure cyclists. Finally, the
processing of the video recordings is discussed to show how the threshold value was found and why
this is suitable.

4.1.1. Location
To find the stopping methods and desired threshold value this study looked at how cyclists behave
before they come to a stop. A field study of cyclists at a signalized intersection in the Netherlands was
conducted. It is assumed that cyclists display natural behaviour at signalized intersections and that this
behaviour is representative of cyclists coming to a stop in other places. Through enough observations
the variation caused by personal characteristics is expected to average out and the distribution will
resemble a normal distribution in accordance with the central limit theorem. For this reason we aim
for at least 30 cyclists to achieve statistical significance. Observing more cyclists will improve the
accuracy of the results of this study and give us a better estimate of the mean stopping speed and
variance thereof.
The observation location is very important as it determines what can be observed. The approach to
the traffic light needs to be flat, straight and well maintained. The path needs to be wide enough to allow
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multiple cyclists to queue side by side and weather conditions should be dry. This should minimize the
impact from environmental variables as identified in the conceptual model (see chapter 3). In addition,
the location needs to be observable for a camera placed at distance so that a large enough view of the
approach is included. This allows the trajectory to be studied which helps in obtaining accurate speeds
of cyclists.
We studied the intersection between the Daalsetunnel and Amsterdamsestraatweg in Utrecht as
this location satisfied our requirements. This is close to the central station and is busy with cyclists all
day going to and from the station. The bike path at this location is 4.50 meters wide, two-directional
and has a pedestrian path location right next to it. The approach to the traffic lights at the intersection
is straight. The intersection is a T-junction with sorting lanes and intersecting bike lanes. In addition,
features like grass medians with trees are used as well. Figure 4.1 shows a schematic overview of
the intersection and the location of the camera in the experiment. The observed stretch of bike path is
on the bottom path coming from the left going towards the right (towards the station). The camera is
looking towards the top of the image. The flow on the bike path is heavily skewed towards the station
as the opposing flow is normally on the other side of the road (despite the two-directional nature of the
bike path).

Figure 4.1: Schematic representation of the intersection of the Daalsetunnel and Amsterdamsestraatweg in Utrecht with bike
paths in red.

4.1.2. Video recording
In order to analyze the behaviour of cyclists as they come to a stop at the traffic signal and to estimate
their stopping speed we video-recorded the cyclists when the light turned red using a smartphone
camera. video-recording allows for accurate, reproducible and measurable results. The main reason,
however, is that it allows for measuring after the experiment has been conducted so that during the
experiment the focus can be on the recording, not on the measuring itself. The observations are from
the southern side of the Amsterdamsestraatweg, about 30 meters away from the bike path. After a short
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while during the red phase the camera is turned off because no new cyclists enter the camera field of
view and come to a stop. During the next green phase the camera is made ready and the recording
starts at the end of the green phase to capture the first cyclists stopping. A continuous recording
would have been possible but the camera used for the recording would not have been able to. Shorter
recordings also mean smaller files which are easier to handle in the processing application. The camera
was placed in the location shown in figure 4.1 and was mounted on a tripod. The camera position was
fixed during all observations. The observations took place on September 15th 2021 between 13:00
and 14:00. At this time the weather varied between cloudy and clear with wind speed below 10 km/h
and temperature around 18◦ Celsius. The observations started at 13:00 and when enough cyclists
(around 100 that could be tracked) were observed the final recording was made, this happened just
before 14:00.
Distances were calculated by measuring the empty space between the lane markings on the road
which came out to be 2.62 meters. This was then used as reference value to extract cyclists’ positions.
The markings are in the middle of the bike path and are thus as close to the cyclists as possible.

4.1.3. Data processing & analysis
After obtaining the raw footage the goal was to calculate the speeds of the cyclists over time. We
calculate, using the measured road marking distance, the size of the frame and the size of the pixels.
The maximum lens deviation at the edges is 7 % but cyclists are not measured here. Instead, cyclists
are measured closer to the middle because this is where the stop light location is in the camera view. In
other words, the distortion caused by the lens is less than 5 % at the place where cyclists are observed
and is therefore assumed to be negligible. We use the framerate of the camera to track time from the
first image in which the cyclist is visible. We apply a motion tracker [10] to an easy to track part of the
bicycle (e.g. center of wheel, light, colour variation on the bike) to estimate the location of the cyclist
in every frame. The resulting data points of the tracker have an x,y location in the frame as well as a
time. We use this to calculate speed. Later, this speed is smoothed in Matlab using a moving mean
average to reduce noise.
Using the footage, we first establish the stopping method cyclists used. Then we identify the frame
when a cyclist becomes stopped by using the foot on the ground (or hand on the pole with the stop
button) as reference. The frame showing the first contact between the foot and the ground is used for
this. As we now know the frame this happens in and we know the speed in every frame we know the
speed at which the cyclist became stopped. We combined this stopping speed for all observed cyclists
to come to an average.

4.2. Results
A total of 54 video clips of 54 traffic light cycles were collected containing at least one cyclist that could
be tracked. The level of detail of the camera is good enough to discern when a cyclist puts their foot on
the ground (see figure 4.2). In these clips a total of 104 cyclists could be tracked resulting in just over
24000 data points. The speeds were smoothed using a moving mean average with a window of 40
frames to allow for local variation but still remove noise. The choice of number of frames impacts the
results negatively with more smoothing resulting in lower observed stopping speeds for cyclists. Figure
4.3 and 4.4 show, for the same cyclist, the difference between smoothed and non-smoothed speeds.
Cyclists were observed to come to a stop in 4 different ways. First, cyclists could remain seated
and put a foot on the ground (67 observations)(see also Figure 4.2). Second, cyclists could dismount
forward and put one or booth feet on the ground (30 observations), see Figure 4.7. Third, cyclists could
put a foot on the ground and propel themselves forward using the foot they put on the ground (6 observations). Fourth, cyclists could dismount and stand next to the bicycle (1 observation). A histogram of
the numbers for stopping methods 1 and 2 can be see in figures 4.5 and 4.6. It is interesting to note
that there are negative speeds in the histogram for stopping method 1. This is not a measurement error
as there were cyclists that were moving backwards at the time they put their foot on the ground. This
is either the result of cyclists performing a track stand (being stationary while balancing) or pushing the
bike backwards as they put their foot down. This is a combination of measuring method (as we track
the bicycle, not the rider) and exceptions.
We find that on average cyclists using method 1 put their foot down when riding 2.2 km/h (standard
deviation 0.95 km/h) while cyclists using method 2 do so at 2 km/h (standard deviation 0.88 km/h). The
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Figure 4.2: Stationary and moving cyclists in the experiment.

Figure 4.3: Non-smoothed speed of a cyclist.

Figure 4.4: Smoothed speed of a cyclist.

Figure 4.5: Speed distribution of stopping cyclists using
method 1.

Figure 4.6: Speed distribution of stopping cyclists using
method 2.

overall average stopping speed was 2.1 km/h. Like method 2, Cyclists using method 3 also had an
average stopping speed of 2 km/h but again, there are too few data points to be certain for this group.
This value of 2.1 km/h can be used as threshold value for determining if cyclists are stationary (stopped).
If more information is available on the stopping method of cyclists the method specific numbers can be
used as well.
We can use this average stopping speed of 2.1 km/h as a threshold to distinguish between stopped
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Figure 4.7: Stopping methods 1 (left) and 2 (right).

and moving cyclists for a different experiment because the behaviour of cyclists should be similar in
natural cycling conditions. It is expected that the behaviour of cyclists, on average, should be the same
for different scenarios but with natural cycling conditions.
Apart from cyclists coming to a stop cyclists that did not come to a stop but had to slow down for the
intersection were also tracked to look at their lowest riding speed. 12 such observations were made
of cyclists that slowed down before the intersection. The minimum observed speeds of these cyclists
varied between 2.30 and 9.00 km/h with an average of 5.35 km/h. It should be noted here that the
observed speeds are most likely not the lowest speeds possible for these cyclists because they slowed
down to a comfortable speed before they arrived at the intersection. This is in line with the minimum
speed found. As such, the values should be used as a reference towards the speed value for stationary
cyclists where the cyclists that slowed down should have higher speeds than the cyclists that came to
a stop (which is the case).

5
Experimental setup & data analysis of a
large scale cycling experiment
The primary goal of this study is to come to a theory of bicycle traffic flow in high density conditions. As
a part of this goal the following two sub questions about the variables density and flow were formulated:
What is the relation between the fraction of stopped cyclists and traffic density?
How do stopped cyclists impact the flow of bicycle traffic?
How we should find an answer to these questions and through which methods is the topic of this
chapter. As we have seen in chapter 2 an answer to these questions has not yet been formulated
in literature and so an empirical approach is needed. Using the state of knowledge of literature on
bicycle traffic we have established that there are many variables that play a role. To show the impact
of these variables this study used a conceptual model to show the variables and the relations between
them (see chapter 3). From this conceptual model it has become clear that there are many complex
relations but also that it is possible to directly relate the stationary fraction of cyclists to at least two
of the three elements of the fundamental relation of traffic (speed and density). Using this knowledge
we can formulate an experimental setup to investigate the relation between the variables of interest
(speed, density, flow and stationary cyclists).
First, we discuss how the study was setup by Gavriilidou et al. [23]. This setup is important for
reproducibility and to understand the limitations of this study. Then, we discuss how the trajectory data
is analyzed in this study. This allows for the verification of the process and gives insight into the choices
that were made in this study.

5.1. The setup of the large scale cycling experiment
This study requires a dataset of trajectory data as it lends itself well to the specific requirements of this
study as it contains the location of cyclists at different points in time. From trajectory data speed (both
individual and aggregate) and density can be easily calculated. By combining the two flow can also be
calculated. This trajectory data should be of a large number of cyclists that encounter varying traffic
conditions. Specifically, they should find themselves in high traffic volumes and in situations where
congestion occurs. This allows the full range of conditions that make up the fundamental relation of
traffic to be observed. Which, as we have seen (chapter 2.2.2), has been an issue in previous work on
this topic.
Trajectory data from the large scale cycling experiment performed by Gavriilidou et al. [23] was made
available to answer the research questions of this study. Only relevant information is considered and in
the description of their experimental setup only aspects relevant to this study are discussed. However,
the full explanation of the experimental setup can be found in the paper by Gavriilidou et al. [23]. The
experiment is a large scale cycling experiment in a controlled physical environment where participants
could interact with one another. In a controlled experiment the situations that are possible, the routes
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Figure 5.1: The cycle track of Gavriilidou et al. [23] as used in this study.

and the number of participants are decided on by the organizers. The organizers use this power to
create desired situations for the purpose of their investigation. In this case, one of the focus points of
the study was to collect data on congested conditions and so a goal was to create such conditions.
In one of the halls of the Ahoy Convention Center in Rotterdam an oval cycling track was made
using white tape on the ground. The floor of the ACC hall is cement which is smooth and flat. The
track is continuous with two long straight sections of 40 meters connected by shorter straight 16 meter
sections. 4 curves with an inner radius of 10 meters connected these straight sections together to
form the oval ring of the track. The width of the track is 2 meters at all times during the track except
a (possible) bottleneck location at the end of one of the long straight sections. The edges of the bike
path were made using white tape. Figure 5.1 shows the layout of the track including the locations of
the cameras, the bottleneck and the entry point of the track.
Participants entered the track at the entry location and would cycle round for some time (5 to 10
minutes) before resting some time (5-15 minutes) after which another run began. Cyclists were asked
to cycle around the track as they normally would. A total of 25 scenarios were investigated, the first 23
of which could be used by this study. A bottleneck of varying width ranging from 75cm (scenarios 4,
8, 10, 18), to 100cm (scenario 16), to 125cm (scenarios 1, 2, 4, 5, 11, 14, 15) and to 150cm (scenario
20) was used to bring about queue forming. There was also a special case for scenarios 21 and 23 in
which a meandering bottleneck was used. The other scenarios did not have (physical) bottlenecks.
Cyclists were recorded using 6 cameras placed above the track (see figure 5.1 for their location
and names). Cyclists were given red caps to wear during the experiment to simplify automatic tracking
during the processing of the videos. Cyclists were assigned local x,y coordinates per camera with a
frequency of 25 hertz. In addition to the x,y coordinates and the time, the dataset shows the number of
the cyclist and the scenario in which the cyclist was observed. The x,y coordinates were orthorectified
to account for the distorting effect of the lens as well as the position of the head compared to the
ground (the head is ± 2 meters above the ground while speed was measured at ground level). This
final dataset contains around 11 million data points spread out over the 23 scenarios and 6 cameras.
All of these data points were used in the analysis.

5.1.1. Data analysis
Using the data from the Gavriilidou et al. [23] experiment it is possible to calculate the required information in the form of the four variables (speed, density, flow and stationary cyclists). How these four
variables were calculated from this dataset is described here.
First, how speed is extracted is described as it is the easiest operation to perform. Then, we de-
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scribe density as we use the methods and outputs from speed and density to describe flow and stationary cyclists. This section ends with a description of how smoothing is applied to all variables except
density. This is important to add as it shows how taking into account the differences in the number of
measurements give us more accurate results.

5.1.2. Speed
The speed of individual cyclists is calculated using the distance between x coordinates and using the
time. The x-speed is the distance between x-points divided by 0.04 seconds. As this study uses the
results from cameras B1, B2 and B3 (only until the bottleneck)(as this is where the queues appear) the
y-coordinates are left out to ensure only movement in the main direction was taken into consideration
as well as to account for movement issues when cyclists were standing still (see figure 5.1). Another
reason to leave out the y-speed is that the combined x,y speed is very sensitive to changes in head
motion by riders (as riders were tracked based on the position of their head). This would result in
movement when the rider is actually stationary as their head bobs around.
The speed of cyclists was then smoothed to account for inaccuracies in tracking and to deal with
the head movement (the part that remains in the x-speed). This smoothing was performed using a
moving average filter on the mean with a 49 timestep window (2 seconds). This makes identifying
stopping easier because longer time periods of low speed can be identified. At the same time, speeds
are unlikely to reach zero as a result of smoothing, but this is acceptable as a threshold speed defines
when cyclists are stopped.
The smoothing is relatively insensitive to changes in window size but the 2 second window strikes a
good balance between reduction of noise and keeping local variation in speed. A moving average filter
works well for this type of data because it is non periodic, and so a gaussian filter is not applicable. This
speed is the speed per cyclist and is thus a non-aggregate value. This is needed for determining which
cyclists are stopped. To construct a fundamental diagram an aggregate measure is needed however
and so the speeds of cyclists in every timestep are averaged to get the mean speed of cyclists. The
result is thus an individual speed of every cyclist as well as an average speed of all cyclists in every
timestep.

5.1.3. Density
Density is calculated using a simple measurement that takes the area and divides the size of the area
by the number of cyclists in the area to get the density.
The area was created by using the bounds of observation values. In addition, the area inside
the bottleneck location was left out and the areas within a meter of the x-edges were left out as well.
The area inside the bottleneck has different characteristics than the queue itself and is left out for this
reason. The edges of the area were left out to allow for space to deal with inaccuracies resulting from
the tracking at the camera edges (e.g. cyclists would be tracked for an additional few frames after they
had already left the view of the camera). The entrance to the bottleneck was taken into account in
drawing the borders of the area as cyclists anticipate on the path they will need to take. As such, the
borders of the area (polygon) are not exactly straight and blocky. Figure 5.2 shows an example of the
area and the x,y aggregate data for one scenario. These areas were drawn for all scenarios and all
camera positions.
In most cases, the same areas could be used for multiple scenarios but sometimes the different
width of bottlenecks or the path use differed between scenarios. As such the area for camera B3 (at
bottleneck location) has a different size in every scenario while camera B1 is the same for all scenarios,
see figure 5.1 for the position of these cameras. Data for camera B2 was only available for scenarios 11
through 23 and differs slightly per scenario (due to anticipation for the bottleneck approach). The areas
for cameras S2 and S3 are the same in all scenarios while that of S1 differs slightly in 3 scenarios.

5.1.4. Flow
Using the aggregate measures of density and speed the flow can easily be calculated using the formula
q = k · u where q is the flow, k the density and u the speed. These three measurements are enough to
create a fundamental diagram of traffic.

5.1. The setup of the large scale cycling experiment
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Figure 5.2: The polygon of scenario 18 camera B2 (in blue) overlaid on the x,y point data of that run (in red).

5.1.5. Stationary cyclists
The fourth variable of interest is the fraction of stationary cyclists at any point in time during the experiment. To determine when a cyclist is stationary (defined as stopped) we take the threshold value found
in chapter 4.1 and compare it to the speed value as found in the experiment by Gavriilidou et al. [23].
This assumes that the speed found in the stationary cyclists experiment, which is based on the speed
of the bicycle, is the same as that of the large scale cycling experiment, which is based on the speed
of the head. Following the results of chapter 4.2 a value of 2.1 km/h is used as the threshold for telling
apart stationary and non-stationary cyclists.
The non-aggregated speed value for every cyclist is compared to the 2.1 km/h threshold and any
cyclists slower than the threshold are flagged as being stationary. This is aggregated by using the
same area as used in the density calculation to find the number of stationary cyclists in the area. This
number of stationary cyclists is divided by the total number of cyclists in the area to get the fraction of
stationary cyclists. In the end, this gives us the fraction of stationary cyclists in every scenario for every
timestep and every camera.

5.1.6. Smoothing on available data points
The dataset containing the aggregate information is summed over the densities (i.e. for every density
we take the average speed, flow and stationary fraction of cyclists). This results in a large difference in
the number of observations per density as some densities are observed more than others. A moving
mean smoothing function is applied that uses the densities with many observations to correct the densities with few observations by using the number of observations as a weight. A small smoothing window
of 5 density values is used to take into account the relative scarcity of data points at high densities. In
other words, the lack of data points in high densities would result in smoothing using data points from
much lower densities. As such, a small smoothing window is preferable.
Finally, all of these variables (speed, density, flow and the stationary fraction) can be compared and
contrasted to establish the relations between them.

6
Results and discussion
The previous chapter detailed the methods needed to answer the following two questions:
What is the relation between stopped cyclists and traffic density?
How do stopped cyclists impact the flow of bicycle traffic?
After applying these methods as described in chapter 5 this chapter explains the findings and tries
to answer both questions. This explanation uses both the results from the experiment as well as those
from literature discussed in chapter 2. First, we discuss how flow and stationary cyclists are related to
density and explain how this relation occurs. This explains why a relation between stationary cyclists
and flow exists. Then, we use speed to examine this relation further and discuss what happens to the
speed of cyclists as density increases. This tells us how the relation between stationary cyclists and
flow works at higher densities.

6.1. Flow and stationary cyclists
The raw data on cyclists is gathered, processed and analyzed according to the steps described in
chapter 5. The four variables of speed, density, flow and the fraction of stationary cyclists are calculated
for all scenarios, timesteps and cameras. Knowing this allows the relations between the four variables
to be examined. Combining the speed, density, flow and stationary fraction into one figure can tell
us about the relation between the variables. Figure 6.1 shows this relation of traffic with flow and the
stationary fraction on the y-axis and the density on the x-axis. Speed can be understood as the slope
of the flow density relation.
It can be clearly seen that the flow increases strongly as density increases, at least initially. This
increase is characterized by low heterogeneity until a density of 0.17 cyc/m2 , after which heterogeneity
increases. In this heterogeneity some trends can be found. First is that there are still many data points
that show an increase in flow even after the density of 0.17 cyc/m2 is reached. On the other hand, there
are some points clearly below these increasing values and there is a group of data points that shows
a leveling off at these higher densities. This leveling off is not quite as strong as that observed by Guo
et al. [29] but also doesn’t show the strong decrease observed or predicted by others [26, 39]. There
are also much fewer data points available at these higher densities, but this is as expected.
The fraction of stationary cyclists remains at (almost) zero until a density of 0.2 cyc/m2 is reached.
After this point there are still situations where there are no stationary cyclists but some situations begin
to show stationary cyclists. After a density of 0.3 cyc/m2 is reached there is a clear upward trend
with greater densities showing greater fractions of stationary cyclists. Note that moving cyclists must
also be slowing down as we see this first decrease/stabilization at 0.17 cyc/m2 . The low fraction of
stationary cyclists at low densities is as expected as low densities should result in moving cyclists and
high densities in more non-moving cyclists. The low fraction of stationary cyclists corresponds to the
free flow branch of the fundamental diagram in the graph.
It can also be seen, especially at higher densities, that there appears to be a degree of correlation
between the flow value and the fraction of stationary cyclists as the shape corresponds strongly between
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Figure 6.1: Fundamental diagram in blue with the fraction of stationary cyclists in red including trendline.

the two scatterplots. This correlation between flow and stationary cyclists is -0.70 when looking at
densities greater than 0.2 cyc/m2 . This means a strong degree of correlation exists between the fraction
of stationary cyclists and flow, which is in line with the hypothesis of study. Applying regression gives
us the following equation for the density stopped cyclists relation (with S as the fraction of stopped
cyclists):
{
1.14k − 0.228, if k > 0.2.
S(k) =
0,
otherwise.
Extrapolating linearly from this we can see that around a density of 1.075 cyc/m2 the expected fraction of stopped cyclists is 1. However, a linear fit is perhaps not the best way to interpret this correlation
as a greater density could also cause an exponential increase in the stopped fraction of cyclists. We can
still compare this to the density of 1.075 cyc/m2 to the jam densities in other studies. Our value should
be then be seen as the maximum possible given the non-instructed queuing configuration. Previous
jam densities were found between 0.5 and 0.7 cyc/m2 [56, 12, 86, 81] which is lower than our value.
This discrepancy can come from the possible non-linearity but it might also be caused by differences
in measurement and queuing methods.

6.2. Speed relations
So far, speed has been shown indirectly (as the slope of the density flow relation) but it is important to
highlight the importance of this variable and to relate it directly to the other variables. Figure 6.2 shows
the relations between speed and density as well as speed and flow. The left diagram shows the relation
between density and speed. Here, we can see that the speed decreases as density increases. In fact,
the decrease seems to be linear indicating that the relation looks like Greenshields [27] fundamental
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Figure 6.2: Diagrams showing the relation between speed, density, flow and stationary cyclists.

diagram. We can also calculate the average speed of moving cyclists using the following formula (with
S being the stopped fraction):
Umoving =

U
1−S

(6.1)

We can see this in the second diagram where only the speed of moving cyclists is shown. Again, a
downward trend can be seen but this time a clear leveling off of the speed happens at a density greater
than 0.3 cyc/m2 . The speed of moving cyclists stabilizes at 7 km/h which is faster than observed in
previous work [26, 38, 39]. This is interesting as this shows us that previous work has likely combined
measurements of stationary and moving cyclists in their average ‘slow’ speed, thus resulting in lower
values. Looking at the rightmost diagram we can see the relation between speed and flow. The diagram
shows that at high speeds a low flow is observed (because the density is also low) while speeds just
under 10 km/h show the greatest flows. Speeds lower than 10 km/h show a slight decrease in flow
from the highest observed value. This is in line with the results from previous studies.
It is thus not the reduction in speed as a result of density increases that is causing a reduction
in flow. Instead, it is the reduction in speed that causes more cyclists to drop below their desired
minimum riding speed which causes them to become stopped. As speed decreases the fraction of
stopped traffic participants increases. The behaviour of this stopped group is different than that of
moving cyclists. Thus, it is these stopped cyclists that are actually causing a drop in the flow. To
summarize: an increase in density causes a decrease in speed which then causes an increase in the
fraction of stopped cyclists which in turn causes a reduction in flow.

7
Conclusion
This study has investigated the relation between stopped cyclists and cycling cyclists in dense traffic
conditions. To do so this study has used the fundamental relation of traffic and the corresponding
fundamental diagram as the basis to describe bicycle traffic flow. It was found that there are substantial
differences of opinion between the works of previous authors. This includes capacity and free-flow
speed which have been shown to vary by as much as 220% and 70% between the lowest and highest
estimate respectively. In addition, no agreement has been reached on the shape of the fundamental
diagram. Regarding the fundamental relation of traffic, authors have shown little interest in the role that
stopped cyclists have on bicycle traffic (flow) and correspondingly on how to determine when a cyclist
can be considered as stopped. This study proposes these stopped cyclists as the main determining
factor of the flow variable at high densities.
To differentiate between the stopped cyclists and cycling cyclists this study used a threshold value
of 2.1 km/h that was found using an observation experiment. The value of 2.1 km/h is found as the
speed at which cyclists stop but is used later in this study as a threshold for the minimum speed at
which cyclists can still be considered moving. In this same experiment it was found that more than
90% of cyclists come to a stop by putting their foot on the ground or by dismounting forward. Other
stopping methods for cyclists that were found are by putting a foot on the ground and using the foot to
propel themselves forward as well as dismounting completely. Using the stopping speed of 2.1 km/h
as a threshold value this study finds that a relation between an increase in density and an increase in
the fraction of stopped cyclists exists. A relation also exists between the fraction of stopped cyclists
and a decrease in flow.
By combining these two findings this study concludes that an increase in density leads to an increase
in the fraction of stopped cyclists which leads to a decrease in flow. In other words, the decrease in
flow is not caused by the decrease in speed (as a result of increasing density) but by the increase in
the fraction of stopped cyclists.
Determining when a cyclist is stopped is assumed to correspond to when they place their foot on the
ground. This assumption can be challenged as it can be argued that cyclists are able to cycle slower
than when they put their foot on the ground. It can even be argued that a cyclist is only stopped when
their speed is zero. However, the behaviour of stopped cyclists differs from that of moving cyclists
and this is reflected in our experiment showing that after cyclists put their foot on the ground they ride
much slower than cyclists that slow down but keep on moving. Thus, we believe that using the foot
on the ground as indication of stopping is representative of natural behaviour and can be used in other
experiments.
Of course, it was also observed that every individual cyclist has their own stopping speed and this
stochasticity could influence our results. At the same time this stochasticity can be expected to average
out given enough observations. However, our results would be more accurate if for every individual
cyclist a stopping speed could be established which is later used to identify when they are stopped.
This study applies linear regression to the relation between stationary cyclists and the density. We
find a higher (theoretical) jam density than previous studies. As such, the relation may be captured
better through a non-linear fitted regression line. Applying this may improve the accuracy of our findings
but does not change the nature of the relation and its implications.
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The results from this study show that future work will need to take into account the role of stopped
cyclists on traffic flow. In addition, the fundamental relation of traffic is shown to be more complex
than previously assumed for bicycle traffic with two distinct groups of traffic participants: those who are
stopped and those who are not. In addition, the discussion on the constant flow at higher densities [29]
is furthered by showing how flow is affected by the variables of density, speed and now the fraction of
stopped cyclists. The implication is that flow can remain constant accross a large range of densities as
long as the fraction of stopped cyclists is low.
This study gives an indication for how to differentiate between the cycling and stopped groups
using a speed threshold but also notes that there is heterogeneity of observed speeds. As such, there
is room for improvement in future studies by taking heterogeneity into account in the differentiation
process. For instance, a threshold speed could be found for an individual cyclist who later participates
in a large scale cycling experiment. This would allow for more precise differentiation between cycling
and stopped cyclists.
The notion that in dense traffic it is stopped cyclists that cause interruptions to traffic flow can be
useful in practice. This is because we now know what to keeps bicycle traffic flow high, even under
high density conditions. Applying this means that a goal in bicycle traffic operations should be to keep
cyclists moving as much as possible. This will ensure that the potential throughput is at its highest level
at all times. How to achieve this is an interesting topic for future work on bicycle traffic.
In addition this study further emphasises that motor vehicle traffic and bicycle traffic do not work
the same way. This is relevant for traffic models where cyclists cannot be considered as motorists with
different values but instead as their own category with unique attributes such as a preferred stopping
speed, bicycle type and willingness to endure instability.
While this study furthers our understanding of bicycle traffic operations there are still topics that
require more attention. In addition, in practice cycling still deserves more attention from policymakers as its role in sustainable (urban) transportation is yet to be fully realized, especially outside the
Netherlands.
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