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Summary

This thesis mainly deals with the introduction and mathematical analysis of
stochastic traffic flow models. The context in which these models are important
lies in the study and improvement of the performance of road traffic networks.
Therefore, the main goals of such models are to understand and predict traffic flows
on networks, and ultimately, to design effective measures that control traffic streams.

The traffic models that are introduced in this thesis are stochastic. A stochastic
model is a prerequisite for proper prediction and control of traffic flows. The reason
for this is that traffic flows inherently depend on random elements, e.g., driver
behavior, small differences between vehicles, and the weather. Without a stochastic
model, one only obtains a prediction of the average traffic flows. In contrast, a
stochastic model will also indicate the probabilities of traffic flows that deviate from
the average. This more complete image naturally leads to measures that control
risks of, for example, traffic jams or long journey times.

In addition to the stochastic character, the models in this thesis can be analyzed
mathematically. This means that we do not have to turn to simulation of the model
to obtain useful results. In general, one wishes to avoid this because simulation is
slow, which makes the model unsuitable for predictions in medium-sized traffic
networks and (online) control of traffic flows.

We also note that the models in this thesis are mostly consistent with physical
laws such as, for example, the principle of conservation of mass. This shows that
the stochastic elements in the models are naturally modeled. In contrast, in many
stochastic models in the literature, the random elements have been modeled in such
a way that it leads to negative sample paths of traffic densities, or mean sample
paths that do not correspond to ones of the deterministic variant of the model; this
last one is often based on physical laws.
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Concerning the analysis of the models discussed in this thesis, we have two
main objectives. The first is to obtain a description of the probabilistic properties of
the state of a road traffic network. Though exact analysis is impossible for models
of this complexity, we make use of scaling limit methods and weak limit theorems
to derive accurate approximations. Second, we study necessary and sufficient
properties that ensure that a road or network can handle a certain load. More
formally, we identify stability conditions for stochastic networks.

We introduce the first model in Chapter 2. It describes the flow of traffic on
networks in a stochastic manner. We derive approximations to the joint vehicle
density distribution, both in space and time. More precisely, using the theory
of weak convergence of probability measures, we show that the vehicle density
process converges in distribution to a suitable Gaussian process. Moreover, we can
efficiently compute both the mean traffic states, and the associated covariances,
both in space and time.

In Chapter 3, we then proceed by showing how the model in Chapter 2 can
be used for the purposes of design and control. We showcase a broad variety of
prediction- and control-related problems that can be solved using this model. Also,
we validate the Gaussian process approximation with a large, detailed historical
data set.

The second model is introduced and studied in Chapter 4. We consider a
stochastic model for a single-lane roundabout with on- and off-ramp queues at
the points of the entrance of the roundabout. Even though this type of model
is hard to analyze, we derive a marginal stationary distribution for segments
of the roundabout. Also, we derive scaling-limit properties that can be used to
approximate the queue lengths and occupation rates of disjoint segments of the
roundabout, jointly.

The analysis of the roundabout model is continued in Chapter 5, where we
identify a precise condition, in terms of the model parameters, that is equivalent to
the roundabout model being stable. We also show that the stability result holds for
a much broader class of stochastic ring networks involving queueing phenomena.
These networks are frequently used in communication systems. Lastly, we also
formulate a conjecture on the system performance when it is unstable, which we
support using numerical results.

In Chapter 6, we deviate from traffic flow models and study, instead, a queueing
system in which each server can serve multiple customers at once. This property of
servers is referred to as multitasking. Examples of applications of this model are
hospital wards with nurses taking care of multiple patients, and chat service centers
where an agent has contact with multiple customers at once. Many of the methods
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we use for analysis of traffic flow models can be used for queueing systems as well.
In this chapter, we derive approximations on a process level that provide staffing
strategies for such systems.

Finally, in this thesis, we also contribute to the theory we use to analyze our
models by developing new theory ourselves. More precisely, in Chapter 4 we
develop a method to assess weak convergence of random variables statistically.
Additionally, Chapter 6 deals with weak limits of non-negative processes for which
a special kind of continuous map is often used. These are called regulator mappings,
which are associate with so-called Skorokhod problems. To prove our main result,
we study a new kind of Skorokhod problem and prove the necessary theory for the
associated regulator map.


