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1. Introduction

This thesis studies dynamic flows comprised of infinitesimally small agents (=flow particles) travelling
through a network while continuously adapting their choice of route based on the current state of
the network as determined by the flow up to the current time. The main motivation for such models
comes from the study of large-scale road traffic wherein individual drivers try to get as fast as possible
from their starting point to their destination and adjust their routes on-the-fly whenever they get new
information about current congestion events (e.g. via traffic radio or navigational devices). To make
this idea clearer, we start with a small, slightly informal example (see Example 3.65 in Chapter 3 for
the more detailed, formal version):

Example 1.1. Consider the following network represented as a directed graph with edge costs
denoting the number of time units it takes to traverse an edge without congestion. In addition, each
edge has a capacity associated with it determining how much flow this edge can handle at once before
the traversal time starts to be affected by congestion effects. In our example here, we only have two
types of capacities: Small capacities (indicated by thin edges) and large enough capacities such that
no congestion will ever take place (indicated by thick edges):

Now, imagine a group of agents (represented by a continuous flow of particles) entering the network at
the left-most node s; with the goal of reaching the right-most node ¢t. They have two paths to choose
from: They may either travel via nodes v and s, or along the direct edge from s; to £. Since the
network is currently empty, both choices seem equally good. So, let us assume that, as these agents
start their journey one after the other at node s;, they all decide to take the upper path.!

However, just as the last of these agents have entered edge sjv (and the first ones arrive at node v) a
new group of agents arrives in the network: This time at node sy but with the same destination ¢.
These agents, again, can choose between two possible paths but, as one of them is strictly faster (the
direct edge towards t), they all choose this one. This, though, is more than this edge’s capacity allows
for and, thus, a traffic jam starts to form on this edge (represented here by a vertical queue at the
start of this edge):

INote that time moves continuously here even though our figures only show snapshots of the flow at discrete points in
time.
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While this is happening, the agents that started from node s;, currently traversing edge vs, and
originally planning to take the now congested edge sot next, are informed about this new state of the
network. Hence, by the time they arrive at node so some of them may reconsider their route choice
and opt to avoid the traffic jam by taking a detour via node s; while the rest continues on its original
route and joins the end of the traffic jam on edge sot (we assume here that this split results in the
current travel times along both paths staying equal and, so, both choices are valid):

Already in this small, informal example we can observe several interesting properties of the flows
arising from our rather simple behavioural assumptions: First of all, these flows are certainly not
unique. For example, the agents initially starting at node s; could have also chosen the direct edge
towards t resulting in a very different flow evolution. Next, and maybe most importantly, the adaptive
and, in hindsight, imperfect nature of the individual agents’ decisions may lead to situations where
flow travels around a cycle. This, in particular, means that solely path-based flow models may be
insufficient for capturing the full range of possible flow dynamics. Additionally, this might also lead to
quite complex and difficult to analyse flow patterns.

On the other hand, the sequential nature of the flow pattern in the above example suggests that
maybe our flows could still exhibit some nice structure which might even allow us to compute such
flows in some iterative fashion similarly to how one picture can be deduced from the previous one
in our example. However, for larger, more complex networks the complicated interdependence of
the choices made at the same time at different nodes in the network makes this far from obvious.
Moreover, even when only considering a single node, the distribution of the outflow has to be chosen
carefully as it may have an instantaneous impact on the current travel times on the chosen paths. In
our example a different flow split of the blue particles at node sy may lead to a different congestion
on either of the two outgoing edges (as both of them have a small capacity) and, thus, potentially



immediately invalidates one of the chosen routes. This indicates that even just showing existence of
dynamic flows consistent with our behavioural assumptions might be a non-trivial task.

Finally, all of this, of course, also critically depends on the underlying physically flow model and, in
particular, the exact way we chose to model congestion. Since we are studying flows over time, the
flow dynamics on a single edge can have ripple effects throughout the whole network both in terms
of influencing the behaviour of the individual agents and in how these dynamics effect the physical
propagation of the flow particles through the network.

Before we describe in more detail how we will approach these challenges in this thesis, we want to
give a brief historic overview over the study of dynamic flows.

1.1. A (Brief) Historic Overview of Dynamic Flows

Right from the very beginning in the middle of the 20th century the study of network flows was
motivated by the goal of better understanding transportation and communication networks (see [FF62,
p- 1]) — a task that has only become more important over the last decades with the rapid growth
of the Internet and the increasingly urgent challenge of mitigating the climate crisis to which the
transportation sector and, in particular, road traffic is a main contributor (see [Jar+22]).

Static Flows. The field started out with the study of static flows. Here, in the simplest case, we are
given a directed graph G = (V, E') with capacities on the edges and two special nodes: A source node s
and a sink node ¢. A flow can then be described completely by a vector (fe)cer € R, giving for every
edge the amount of flow on this edge. In order to be considered feasible such a flow must be bounded
by the edge capacities and satisfy flow conservation at all nodes except for the source and the sink
node. A natural question is then how to find a maximal such flow, i.e. one where the amount of flow
leaving the source node or, equivalently, entering the sink node is maximal. The famous Max-Flow
Min-Cut Theorem which states that the maximum value of such a flow is equal to the minimal s,t-cut
was one of the first results in this field ([FF56]). Many extensions of this base model are known and
studied to this day (e.g. multiple source/sink nodes, multiple commodities with different source/sink
nodes, additional costs on the edges, fixed supplies/demands at sources/sinks, different objectives,
...). Already by 1962 the field had grown enough that Ford and Fulkerson were able to write a whole
book on “Flows in Networks” [FF62].

Dynamic Flows. While their book predominantly focused on static flows, it also already includes
a section on dynamic flows ([FF62, Chapter III, Section 9|) which had been introduced four years
prior in [FF58] by the same authors. In this model every edge has, in addition to its capacity limiting
the amount of flow allowed to enter the edge during any unit time interval, a traversal time which
determines how long it takes flow to traverse an edge from one end to the other. Time is partitioned
into a finite number of equally sized time periods 1,2,...,T during each of which the flow remains
constant. Thus, a dynamic flow can be described by a (finite-dimensional) vector (fe(6))gerr] € RT
for every edge e where f.(0) denotes the inflow into edge e during the #-th time period. The outflow
from this edge during the same time period is then described by f.(0 — 7.) where 7. € Ny denotes
the fixed traversal time of edge e. Similarly to the static case, Ford and Fulkerson then studied the
problem of determining a maximal such dynamic flow and showed that this can be done efficiently by
reducing the problem to a sequence of static flow problems.

Later on, Fleischer and Tardos showed in [FT98] that this algorithm, as well as several other
ones developed in the meantime, can also be applied to the same problems for dynamic flows with
continuous time. In this setting flow is now described by a function f. : [0,7] — R>o denoting for
every time 6 € [0, T] the rate f.(f) at which flow enters edge e at that time. We refer to [Sku09] for a
modern introduction to the study of such dynamic flows. This model is now already quite close to
the physical model described in our initial example. However, what is still missing is a proper way of
modelling congestion.

The Vickrey Point Queue Model. Since, in the models discussed so far, the traversal times were
fixed, the only way of modelling congestion is to have particles wait at nodes. This is often technically



allowed in these models but, typically, not used as long as one is only interested in optimal flows.
This changes once we view the flow as being comprised of individual agents making their own, selfish
decisions (instead of trying to achieve some system optimum). For such a game theoretic setting
(though for the case of only a single edge and giving the agents a choice over their departure time
instead of over their route) Vickrey discussed in his seminal 1969 paper on congestion theory [Vic69]
six different types of congestion and how to model them by suitable edge flow dynamics.

One of those, called “pure bottleneck situation” in his paper, is maybe the most natural extension
of the model discussed in the previous paragraph: Here, every edge e is again characterised by two
values, a free flow travel time 7. and a capacity v.. As long as particles enter the edge at a rate below
this capacity, no congestion takes place and traversing the edge requires exactly the time given by
the free flow travel time. If, however, the inflow rate f exceeds the capacity, a queue starts to form
at the start of the edge and particles have to wait there until they are allowed to enter the edge.
Thus, the total time needed to traverse the edge then consists of a waiting time in the queue plus the
constant free flow travel time (see Figure 8 for a graphical depiction). This model (and its application
to full networks) has been studied and adapted extensively in the past decades (a recent bibliometric
review [LHY20] counted over 200 papers published on this topic) and is nowadays also called Vickrey
point queue, deterministic queueing or just bottleneck model.

. {
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Figure 1: An edge with congestion modelled using the Vickrey point queue model. If the edge inflow
rate ff is smaller than the edge capacity v., flow traverses the edge without experiencing
any congestion (left). If the inflow rate is larger than the capacity, a queue forms at the tail
of the edge (right).

Dynamic Equilibria. Within such a game theoretic view it now becomes natural to study equilibrium
flows, i.e. dynamic flows where at every point in time every particle travels along a route which is
compatible with decisions of a selfishly acting agent. Of course, how such selfish decisions look like
depends on the information available to those agents. Two main models have been studied here,
giving rise to two types of equilibria: Equilibria based on current information where, as in our initial
example, agents choose their route based on the current state of the network and then adjust their
choices on-the-fly to changing travel times, and equilibria based on full information where agents make
their routing decision already anticipating future changes of travel times and, thus, always choose
routes which are best possible in hindsight.

Current Information Equilibria. One of the first to study dynamic flows which could be considered
equilibria in a current information setting was Yagar who in [Yag71]| proposed the following heuristic
approach for simulating road traffic: At first, all flow is just assigned to shortest paths. However,
whenever this leads to queues, flow leaving such a queue is then considered as new flow entering the
network and, thus, is assigned a new currently shortest path. While no theoretical properties of such
flows are shown here and the exact model differs from the ones discussed here in several ways, this
can certainly be seen as one of the earliest motivations for studying this type of dynamic equilibrium.
Indeed more formal definitions of such equilibria were then studied by Friesz, Luque, Tobin and Wie
in [FLTW89, Section 3|, Boyce, Ran and Leblanc in [BRL93; BRLI5| and Ran and Boyce in [RB96,
Chapter 7| who characterised these equilibria as solutions to certain variational inequalities. These
works also used more general edge dynamics described by differential equations and introduced the
adjective “instantaneous” as a way of referring to travel times/equilibrium states based only on current
information. Note, however, that these models are also quite complex and, thus, do not allow for
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much theoretical analysis (e.g. showing existence of equilibria, studying their quality or providing
non-heuristic algorithms for computing them). Moreover, the exact way these models are formalised
(often using path-based formulations!) can lead to certain unintuitive effects which call into question
how well these formal models actually match their verbal descriptions. For example Boyce, Ran
and Leblanc note that “[the] restricted definitions of used links and routes may cause the underlying
definition of instantaneous DUO [i.e. current information equilibria] to be vacuous in some cases.”
([BRL95, p. 130])

Full Information Equilibria. As agents in the full information setting choose their route with full
knowledge over the true future travel times in the network, adaptive route choice is not relevant here
and, therefore, a path-based model is much less problematic. In fact the path-based formalisation
of full information dynamic equilibria introduced by Friesz, Bernstein, Smith, Tobin and Wie in
[Fri+93, Definition 2| has clearly stood the test of time as it is still in use today. Nevertheless, even
though this model immediately got a lot of attention in the transportation science community (see
[PZ01] and [FH19] for two survey articles on this very active area of research), it took until 2000 that
existence of such equilibria for a fairly general class of edge dynamics was established by Zhu and
Marcotte in [ZMO00]. And even then, this existence result was highly non-constructive as it is based
on a characterisation of dynamic equilibria by an infinite dimensional variational inequality and an
existence result for solutions of those.

A completely new approach to studying equilibria when using the Vickrey point queue model for
the edge dynamics was then opened up by Koch and Skutella with the introduction of so called
thin flows in [KS11|. These thin flows are somewhat reminiscent of the early results by Ford and
Fulkerson for optimal dynamic flows in that thin flows are static flows which can be used to completely
characterise dynamic equilibria (in the full information setting). Koch and Skutella then used this
characterisation to study the quality of such equilibria compared to optimal flows. This new structural
insight let to an increased interest in this specific model: Cominetti, Correa and Larré [CCL15] used it
to show existence and uniqueness (in terms of travel times) for dynamic equilibria, Cominetti, Correa
and Olver [CCO22a] to study the long term behaviour and convergence to a steady state, Bhaskar,
Fleischer and Anshelevich [BFA15] as well as Correa, Cristi and Oosterwijk [CCO22b] to derive further
bounds on their quality and Olver, Sering and Koch [OSK22] to study continuity properties. Moreover,
the model was also extended to the multi-source multi sink case by Sering and Skutella [SS18], to a
bicriteria setting by Oosterwijk, Schmand and Schroder [0SS22], to include spillback and kinematic
waves by Sering and Vargas Koch [SV18] and to allow for time varying capacities and time varying free
flow travel times by Pham and Sering [PS20]. We refer to a recent survey article by Schmand [Sch21]
for a good overview and to the PhD theses by Koch [Koc12] and Sering [Ser20] for a comprehensive
introduction to and study of the base model and several of its extensions, respectively.

Competitive Packet Routing. Finally, we also want to briefly mention the discrete counterpart
to the continuous flow model we have been discussing so far: Competitive packet routing. In this
model, instead of infinitesimally small flow particles, we have atomic unsplittable packets that have to
traverse a given network. This model (and its many variations) is its own large field of research and
we refer to the PhD thesis of Vargas Koch [Var20] for a good introduction to it. Interestingly, the
study of equilibria in this model seems to be mostly concerned with Nash equilibria, i.e. equilibria
of the full information type. One of the few exceptions is Ismaili who in [Ism17, Section 5] studied
packet routing games with so called “GPS-agents” which behave in a very similar way to how it is
assumed of the infinitesimal agents making up a continuous equilibrium flow in the current information
setting discussed before. Ismaili then studies the quality of the routing choices of such agents and, in
particular, shows that there exist networks in which they can get trapped in cycles forever ([Ism17,
Theorem 8]).

Even though one could argue that such discrete packet routing models are closer to reality when
trying to model road traffic (as individual cars are certainly unsplittable and not infinitesimal in size),
we will only consider the continuous model here. One reason for that is that in many cases continuous
flows tend to be nicer behaved and, so, more open to formal study (e.g. equilibria may not even exist
in packing routing models, cf. [Var20, Theorems 19, 28] or [SVZ22, Proposition 1]|). Another reason is
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that, as the number of packets (vehicles) increases, it may become easier to model and, in particular,
compute the resulting traffic flow as an aggregate instead of considering all the interactions between
individual agents. Moreover, it seems intuitively clear that the two models approximate each other if
the packet size only gets small enough (compared to the total flow volume). Nevertheless, formally
establishing such a connections has long been an open problem and only very recently achieved for
the deterministic queuing model by Sering, Vargas Koch and Ziemke in [SVZ22] and most recently
extended by Olver, Sering and Koch [OSK23] to full information equilibria therein (again based on
structural insights involving thin flows).

1.2. Thesis Contribution and Organization

Inspired by the recent progress in understanding dynamic equilibria in the full information setting,
the goal of this thesis is to gain similar insights for the current information setting. That is, we study
dynamic flows in networks with deterministic queueing wherein particles only ever enter edges which
lie on currently shortest paths towards their destination. Following the naming conventions of Ran
and Boyce we will call those equilibria instantaneous dynamic equilibria (IDE). We have already seen
a first example for such an equilibrium flow at the start of this chapter (Example 1.1) where we also
discussed some of the interesting questions relating to this equilibrium concept.

We now give a short overview over the following chapters of this thesis as well as its main contributions
towards answering those questions:

In Chapter 3 we formally introduce first the physical flow model and then our behavioural model.
While the physical model is certainly not new (it is the same as the one used e.g. in [KS11; CCL15]),
we still describe the model in full detail to ensure that this fundamental aspect of our model is formally
sound. We also present several equivalent definitions used for it in the literature and show their
equivalence. We then use these equivalent characterisations to deduce five basic properties of the
deterministic queueing model. Finally, we establish our definition of instantaneous dynamic equilibria
by adapting the label-based definition of full information dynamic equilibria used in [KS11; CCL15] to
the current information setting. At the end of this chapter, in Section 3.3, we also provide a summary
of the whole model for easier reference.

Following the definition of our model there are three chapters containing our main results: In
Chapter 4 we show existence of IDE by reducing this problem to the existence of IDE-extensions
and (for certain classes of networks) even further down to the existence of local IDE-extensions (e.g.
at a single node). We use this general framework to highlight the commonalities (but also differences)
between three different approaches for showing existence of IDE (for different classes of networks):
One using an infinite dimension fixed point theorem, one using a finite dimensional fixed point theorem
and one using a convex optimization problem. The latter two approaches also make critical use of a
variant of thin flows adapted from the full information setting to our setting.

In Chapter 5 we then study the computational complexity of finding IDE. On the positive side
we show that for single-commodity networks we can compute IDE-thin flows (and, therefore, IDE-
extensions) in polynomial time and complete IDE in finite time. On the negative side we give examples
for IDE that require an exponential or, in the case of multi-commodity networks, even infinite number
of extensions and show NP-hardness of several decision problems involving IDE. The proof of the
latter also showcases our first use of gadget-based constructions of IDE-networks which allow us to
build and analyse quite complex IDE-instances.

These constructions then also play an important role in the final Chapter 6 where we study the
quality of IDE. In particular, we show that in single-commodity networks IDE are guaranteed to
terminate and give explicit upper and lower bounds on the worst case values of both the time of
termination and the total travel time. We then show that in multi-commodity networks termination
is not guaranteed anymore by providing a finely tuned instance wherein particles travelling along
currently shortest paths get trapped in cycles forever. We conclude this chapter by summarising our
results on the quality of IDE in terms of the corresponding Price of Anarchy.

The main results shown in Chapters 4 to 6 have been published in [GH19; GHS20], [GH21; GH23]
and [GH20; GH22|, respectively. Here, we present most of them in greater generality and with
rewritten and extended proofs.
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On how this thesis is written: One of our main goals when writing this thesis was to be as
mathematically precise as possible, both when it comes to the statements of definitions and
theorems and with regards to their proofs. This is mostly born out of the author’s intrinsic desire
for mathematical rigour but, hopefully, also makes it easier to adapt or even directly use the
results presented here to/in related models in the future. The downside of this approach is, of
course, that some proofs have become quite long and technical. To mitigate this we tried our best
to make the proofs as modularised as possible to allow a reader more interested in the high-level
ideas to skip the detailed proofs of more technical lemmas and claims while still getting the
important ideas of the main proofs. Moreover, we often give a rough sketch of the intuitive ideas
behind a proof before delving into its formal details (often highlighted by boxes like this one).

Additionally, we collected in Chapter 2 all but the most basic definitions from various areas
of mathematics that will come up at some point in this thesis together with some key results
from these areas that we will make use of. Importantly, this chapter is not meant to be read
in its entirety but rather intended as a place to look up definitions/theorems the reader might
not be familiar with once they come up in the main part of this thesis. In the appendix we also
providebotha list of definitionsand a list of symbols/notationsused in this thesis.
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2. Preliminaries

In this chapter we collect some basic definitions and statements from the areas of measure theory,
topology, graph theory, optimization and complexity theory which we will then use in this thesis. Note
that this chapter is not intended to be read through in its entirety (except for maybe the first section
on general notations) but instead as a reference-chapter when reading the other chapters (together
with the lists of definitions and notations in the appendix).

2.1. General Notation

We start by stating some general notations and conventions we will use throughout this thesis.

Sets

We denote by R the set of real numbers and by R := R U {+oo} the set of extended real numbers.
We use Ry, R>o and Rzo to refer to the subsets of strictly positive real numbers, non-negative real
numbers and non-negative real numbers including oo, respectively We denote by Ny .= {0,1,2,...}
the natural numbers including 0 and by N* := {1,2,...} the natural numbers excluding 0.

For any x € R>( we define [z] :=min{n € Ny |n >z} and |z] =max{n € Ny | n <z} and for
any natural number n € Ny we denote by [n] :={1,2,...,n} the set of natural numbers from 1 to n.
In particular, we use [0] as a synonym for the empty set. To refer to the set of natural numbers from
0 to n we use the notation [n+1]—-1={1,2,....,n+1}—-1:={0,1,...,n}.

For any sets A and B we denote by 24 the power set of A (i.e. the set of subsets of A), by A x B
the product set of A and B (i.e. the set of tuples (a,b) with a € A, b € B) and by A” the B-fold
product of A (i.e. the set of tuples (ap)pe ). If there is no danger for confusion, we will just write (ap)
instead of (ap)pep to refer to elements of AP,

For any subset B’ C B we denote by |g, : A® — AB' the projection from A to AP IfCis a
third set and (ap,.)pep.ccc an element of ABXC | we use (al;’_) = (abﬁc)|{13}xc = (ai,,c)cec € A€ as a

shorthand for the projection of (ap.) to {b} x C. We write BUC for the union of B and C if the two
sets are disjoint (and we want to emphasise this. If, in such a situation, we have two tuples (a;) € AZ
and (a.) € A9, we use (ay) @ (a.) to refer to the tuple (a,),cpuc € APYC defined by a, = a; if
r=beBanda, =aifz=ceC.

For sums we make use of the shorthand >’ =Y pep @ and the convention ), ;5 ap = 0.

ac(ap) ¢ °

Functions

For any function f : A — B and any subset A’ C A we denote the restriction of f to A’ by
fla + A" = B. We write the characteristic function of a subset A’ C A by

1, ifae A

14 :A—)R,GH
0, else.

If f:J — R is a function on some interval J C R, we use df to denote the derivative of f (we
sometimes also write Jg f to emphasise the variable 6 with respect to which the derivative is taken).
Moreover we use 0_ f and 04 f two denote the left and right derivatives of f, respectively. Note, that
we will never use f’ to denote a derivative and instead reserve ’ for use in variable names.

Definition 2.1. Let f: J — R be any function on some interval J C R. We then say that f is
e right-constant if for any 6 € J there exists some ¢ > 0 such that f|[979+8) is constant,
e non-decreasing if it satisfies § < { = f(0) < f(¢) for all ,¢ € J and
e non-increasing if it satisfies 0 < = f(0) > f(¢) for all 0,¢ € J.
If f is non-decreasing we say that it is strictly increasing (from the left) at 0 € J if it satisfies

<0 = f(¢) < f(O)for all ¢ € J.

14



2.2. Measure Theory

As flows in our model will be described by (Lebesgue)-measurable functions on R>¢, we will need some
basic definitions and results from measure theory. We follow here mostly the introduction in [RF10].

The Lebesgue Measure

Definition 2.2. Let J C R be any non-empty interval. Then the outer (Lebesgue) measure p*
on J is defined by

oo

w2l = REO,A — inf{ Z(b""‘ — ag)
k=1

ar,bp ER: AC U(ak,bk)}.
k=1

For any set A C J we say that
e Aisa (Lebesgue) null set if it has measure zero, i.e. p*(4) =0
e Ais (Lebesgue) measurable if it satisfies p*(A) = p*(AN B) + p*(A\ B) for any set B C J.

The restriction of p* to only the Lebesgue measurable subsets of J is called the Lebesgue measure
and we will denote it by u. Since p is the only measure we use in this thesis, we will usually omit the
word Lebesgue and just talk about the measure on J.

Observation 2.3. We observe some basic properties of null sets:
e Any countable set A C J is a null set.
e Any null set N C J is measurable.
e The countable union of null sets is again a null set.

Definition 2.4. Let J C R be any interval. A function f : J — R is called (Lebesgue) measurable
if for any C € R the set {6 € J | f(0) < C} C J is measurable.

Definition 2.5. Let f,¢: J — R be two functions on some interval J C R.

e We say that f and g are equal almost everywhere if there exists null set N C J such that
f|J\N = g|J\N. We denote this by f =,.. g.

o We say that f is bounded by ¢ almost everywhere if there exists some null set N C J such
that f|J\N < g|J\N. We denote this by f <... g. If g is a constant function we also say that f
is essentially bounded.

Observation 2.6. e —, . is a equivalence relations on the set of functions from J to R.
e =, . is compatible with addition, multiplication and scalar multiplication.

Proposition 2.7 (|[RF10, Chapter 3, Proposition 5|). Let f,g: J — R be two functions with f =q... g.
If f is measurable, then so is g.

Proposition 2.8 ([RF10, Chapter 3, Proposition 9]). Let f, : J — R be a sequence of measurable
functions converging pointwise almost everywhere to a function f:J — R. Then f is measurable.

The Morse-Sard Theorem

The Morse-Sard Theorem states that for sufficiently smooth maps f the set of critical values
f({610f(0) =0}) has Lebesgue measure zero (cf. e.g. [Hir76, Chapter 3, Theorem 1.3]). In the one-
dimensional case this even holds without the smoothness-condition. It is often stated for (absolutely)
continuous functions where it can be derived from Vitali’s Covering Theorem (cf. [Mar22, Theorem
3.2.8]) but the following fundamental lemma by Varberg ([Var65]) actually implies that it holds for
any function f: R — R:
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Proposition 2.9 ([Var65, Fundamental Lemmal). Let f : J — R be any function from some compact
interval J C R to R. Then for any number K > 0 and any set S C J such that the derivative of f
exists for all 0 € S and satisfies |0f(0)| < K, we have

w(f(9)) < K - 1 (9).
Proposition 2.10. Let f: J — R be any function.

a) The set of images of points where the derivative of f exists and is zero is a null set, i.e.
n(f{0€J|0f(0)=0})) =0.

b) If f is non-decreasing, then we have |f~1(0)| < 1 for almost all § € R.

Proof. a): If J is bounded, then this follows immediately from Proposition 2.9 by choosing S =
{0e€J|0f(0) =0} and K = 0. Otherwise we can cover J by a countable sequence of compact
intervals and apply Proposition 2.9 for each of those. As any countable union of null sets is still
a null set, this shows the claim.

b): This can be deduced from a) (see e.g. the proof of [Mar22, Corollary 3.2.9]) but we can also show
this directly: For any n € N* denote by

Sp={zeR|Ja,beJ:|b—al>2Land f(a) = f(b) =z}

the set of values of f such that an interval of length at least % gets mapped to = by f. Note,
that any such set S, contains at most countably many points as f is non-decreasing and, thus,
any two intervals [a, b] and [a, '] attesting for two different points z,z’ € S,, must be disjoint.
Thus, the same is true for the set

S = U Sh.

neN*

Since this set contains all values x € R with at least two preimages, this shows the claim. [

The Lebesgue Integral

Let J C R be an interval, f : J — R a measurable function and J' = [a,b] C J some bounded

subinterval. Then we denote by [, f(¢)d¢ = ff f(¢)d¢ € R the Lebesgue integral of f on J’ (if it
exists). We recall the following properties of the Lebesgue integral (see [RF10, Chapter 4]):

Proposition 2.11. Let f,g: J — R be two measurable functions.
o We have f =q... g if and only if [;]f(¢) —g(¢)|d¢ = 0.

o Taking integrals is compatible with =, ., i.e. for any a,b € J such that fab f(0)dC exists we have
b b
foues = [ 7O%= [ g0

o The Lebesgue integral is monotone, i.e. for any a,b € J such that f; f(¢)d¢ and f; 9()d¢ exist

we have .

b
f Saeg = / F(O)dC < / g(0)dc.

Definition 2.12. Let f : J — R be a measurable function and p € [1,00). We say that f is p-
integrable if [, [f(¢)[Pd¢ < oo. We call it locally p-integrable if it is p-integrable on every compact
subset of J. For p = 1 we usually just say (locally) integrable instead of (locally) 1-integrable.

We denote the sets of all (locally) p-integrable functions on J by £V (J) and LP(J), respectively.

loc
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Note that, for compact intervals .J, the notions of locally p-integrable and p-integrable are equivalent.
We now collect several useful statements for locally integrable functions:

Proposition 2.13. Let f,g: J — R be two measurable functions with |f| <, |g|. Then
ge Ll (J) = feLl (J).

loc loc

This follows directly from the definition of local p-integrability and the monotonicity of the Lebesgue
integral.

Proposition 2.14. Let f : J — R be a measurable, locally essentially bounded function. Then f is
locally p-integrable for any p € [1,00).

This follows from the previous proposition by observing that locally constant functions are locally
p-integrable.

The following proposition is a very useful tool for showing that some equality for a locally integrable
function holds almost everywhere on some given interval:

Proposition 2.15 ([CCL15, Lemma 8]). Let f : R — R be any non-negative locally integrable
function and { [ag,br) },c i be any family of half open intervals (possibly uncountably many). Then
the following two properties are equivalent

a) f vanishes almost everywhere on [ay,by) for every k € K (separately!),

b) f vanishes almost everywhere on |, ¢ r[ax, bx).

LP-Spaces and Right Constant Functions
Definition 2.16. Let J C R be any interval and p > 1. Then we define the space
LY (J) = £le(D)/=ue. and LP(J) == £7())/=, ...

loc

Moreover, we denote by LI (J,R>o) == {[f] € L}

loc loc
non-negative locally p-integrable functions.

Observation 2.17. Both LY (J) and LP(J) are (infinite dimensional) real vector spaces (with pointwise

addition and scalar multiplication).

(J) | 0 <ae. f} the set of (equivalence classes of)

Note that L} (J) contains equivalence classes of functions, i.e. elements of the form [f : J — R].
To keep our notation simple we will usually omit the square brackets and even call elements of LY (.J)
‘functions’ instead of ‘equivalence classes of functions’. Consequently, we will usually also refer to
LY (J) as the ‘set of locally p-integrable functions’. However, it is important to keep in mind that we
usually cannot evaluate such ‘functions’ at any individual point (as the value of “[f](6)” would depend
on the specific representative chosen for the evaluation). Instead we may only talk about integrals of
f or (in)equalities of two such functions which hold almost everywhere.

We will, however, make one exception to this rule — whenever an equivalence class [f] € L}, .(J)
contains some representative g which is constant on some proper interval [a,b) then we will choose g
as the canonical function representing [f] on this interval. In particular, evaluating [f] on this interval

will be defined as evaluating g.

Definition 2.18. Let [f] € LV (J) and [a,b) C J be a proper interval. We say that [f] is constant

on [a,b) if there exists some ¢ € R such that we have f(0) = ¢ for almost all 8 € [a, b)
Proposition 2.19. Let [f] € LY (J) and [a,b) C J such that [f] is constant on [a,b) with constant

loc

c € R. Then there exists some representative g € [f] with g(0) = ¢ for all 6 € [a,b). O

In the same way, we can define right-constant [f] € L¥ (J) for which we then also have a canonical

representative (which we can use for evaluation at individual points):

Definition 2.20. Let J C R be a right-open interval. Then [f] € L} (J) is called right-constant
if there exists a covering of J with proper intervals [a, ) such that [f] is constant on each of those
intervals.

Proposition 2.21. If[f] € LY (J) is right-constant, then it has a unique right-constant representative
g €lfl- D
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2.3. Topology

We recall several standard concepts from topology — for a more detailed introduction we refer to
standard textbooks like e.g. [J&n84] or [AB06, Chapter 2, 5, 6].

Definition 2.22. Let X be a topological space. We then say that

e X is Hausdorff if for any two points x # y € X there exist two disjoint open neighbourhoods
U,V C X of x and y, respectively.

X is compact if every family of open sets (U;);cs covering X has a finite subset covering X.

e X is sequentially compact if every sequence in X has a convergent subsequence.

X is a topological vector space if X is also a real vector space and both addition and scalar
multiplication are continuous mappings.

X is locally convex if it is a topological vector space and every neighbourhood of 0 € X
contains a convex neighbourhood of 0.

Proposition 2.23 ([J4n84, Chapter I, Section §8, Note|). Limit points in Hausdor[f spaces are unique.

Proposition 2.24 ([Jan84, Chapter I, Section §8, Lemma|). Compact subsets of Hausdorff spaces
are closed.

Proposition 2.25. Let X be a sequentially compact space, (x,,) € XN 4 sequence and z € X some
point. If every convergent subsequence of (x,) converges to x, then (x,) itself converges to x.

Proof. We show this via contraposition: So, let (x,) € X be a sequence not converging to z. Then,
there exists some neighbourhood U of x such that there are infinitely many x,, ¢ U. In particular, there
exists a subsequence (zn, )ren+ with z,, € X \ U for all k¥ € N*. Since X is sequentially compact, this
sequence must have a convergent subsequence (;vnkj )jen<. And, as we have Ty, ¢ U for all elements
of this sequence, it has to converge to a point different to x — which proves the proposition. O

Normed Vector Spaces
The topological spaces we use in this thesis will mostly be special types of topological vector spaces:

Definition 2.26. A (real) normed vector space is a (real) vector space V together with a norm
map |.|| : V — R satisfying

e Positive definiteness: ||z|| =0 < z=0forall z € V,
e Absolute homogeneity: ||az| = |a| - ||z| for all « € R,z € V and
e Triangle inequality: ||z + y|| < ||z| + ||y|| for all z,y € V.

We will consider two different topologies on such spaces: The first (most natural) one is the topology
directly induced by the norm which we will call the strong topology on (V/||.||):

Definition 2.27. Let (V,||.||) be a normed space, x € V and a > 0. Then we denote by B,(x) =

{yeV||lz—y| <a} the open ball of radius « around x and by By (z) = {y eV |||z —y| < a}
the closed ball of radius « around z.
We call the topology on (V, ||.||) induced by its open balls (as a base) its (strong) topology.

Definition 2.28. We call a normed space (V, ||.||) a Banach space if it is complete with respect to
the strong topology, i.e. every Cauchy sequence in (V] ||.||) converges.

In this thesis we will encounter three such Banach spaces:

e the real numbers R together with the absolute value |.| : R — Rxq,
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e the set of continuous functions on a compact interval C(J) = {f:J — R | f continuous }
together with the uniform norm ||| : C(J) = Rxo, f > supge; |f(0)] and

e the set of p-integrable functions LP(J) together with the p-norm .|, : LP(J) — R, f —

1/1.7
(5 17 (©lrae) ™.
Proposition 2.29 ([RF10, Chapter I, Theorem 17]). (R,|.|) is a Banach space.

Proposition 2.30 ([Con19, Chapter III, Example 1.6]). Let J C R be any compact interval. Then
(C(J),||-ll) s a Banach space.

Proposition 2.31 ([RF10, Chapter 7, Riesz—Fischer Theorem]). Let J C R be any compact interval
and p > 1. Then (LP(J), |\.[,) is a Banach space.

The other topology on a normed space (which we will call the weak topology) is the topology
induced by its dual space.

Definition 2.32. For any normed vector space (V,]|.||) we define its dual space (V',||.||") where V"
is the set of continuous linear functions ¢ : V' — R with the natural vector space structure and the
norm ||.||" is defined by

lpll” = i {p(@)} forany ¢ € V'
z||<1
Definition 2.33. Let (V,].||) a normed space and V' its dual space. Then we call the topology
induced by the sets (as a subbase)

Ulp,z,e) ={y eV ||o(x)—ply) <e} forp eV zeV,e>0
its weak topology.

Note that, since we now have two topologies on a normed space, we have to always ensure to
make clear to which topology we are referring to whenever we talk about subsets of those spaces or
continuous maps between them. Whenever there is any danger of confusion, we will therefore explicitly
say “weakly open”, “weakly compact”, ... when referring to the respective property with respect to
the weak topology. For functions we will use e.g. “weak-strong” continuous to refer to a function
f+ X — Y which is continuous with respect to the weak topology on X and the strong topology on

. . w
Y. For a sequence (x,), converging weakly to some z we write z,, —— x.
n—oo

Proposition 2.34 ([AB06, Section 6.1], [RF10, Chapter 14, Proposition 21]). Let X be a normed
space. Then it is a locally convex, Hausdorff topological vector space both with respect to the strong
and the weak topology on X.

Proposition 2.35 ([AB06, 6.34 Eberlein-Smulian Theorem|). Let X be a normed space. Then a
subset K C X is weakly compact if and only if it is sequentially weakly compact.

Proposition 2.36 (|[RF10, Chapter 8, Proposition 6|). Let p,q € (1,00) with % + % =1. Then, a
sequence (f,) € LP(J)No converges weakly to some f € LP(J) if and only if we have

ti [ £2(0)- 90 = [ £6) 9O for all g € L9(),
n€No /5 J

Proposition 2.37. Let p > 1, J C R some interval and (f,), € LP(J)N0 a sequence of functions
converging weakly to some function f € LP(J). Furthermore, let g € LP(J) be another p-integrable
function and M C R some measurable subset. If fn|y; <a.c. glps holds for almost all n, then we also

have fly; <a.e. 9lp-
Proof. This is an immediate consequence of Proposition 2.36: Assume, for contradiction, that f|,, Za..

gl u- Then there exists some measurable subset S C M with finite measure such that we have
f(¢) > g(¢) for all ¢ € S. Since 15 is certainly g-integrable this leads to the following contradiction

Pro&2.36

[ 0150 < [ 701501 i [ £,(0 1504 < [ 9(0) 15016 O
J J J J
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Proposition 2.38 ([GHP22, Lemma A.1]). Let A, B C R be two subsets of real numbers, g, : A — B
a sequence of functions converging uniformly to some function g : A — B and f, : B — R another
sequence of functions converging uniformly to some continuous function f : B — R. Then the sequence
frnogn : A— R converges pointwise to the function go f : A — R.

For finite dimensional vector spaces the canonical mapping from itself to its double dual is always
an isomorphism. For infinite dimensional Banach spaces this need not be true anymore. If it is true,
such a space is called reflexive.

Definition 2.39. Let (V, ||.||) be a Banach space. (V,||.||) is called reflexive if the canonical mapping
from V to its double dual V"

VoVies V' SR (f:V—=R) f(x))

is surjective.

Proposition 2.40 ([RF10, Chapter 14, Proposition 20]). For p > 1 the space LP(J) is a reflexive
Banach space and its dual can be identified with Li(J) where ¢ > 1 is chosen such that 11; + % =1.

Proposition 2.41 ([Hunl3, Corollary 7.32]). Let X be a reflexive Banach space. Then, any convet,
bounded and (strongly) closed subset K C X is weakly compact.

Product Spaces

We will often consider products of topological /normed spaces. These then become topological /normed
spaces in a natural way as well:

Definition 2.42. Let X,Y be two topological spaces. Then the product topology on X x Y is the
topology generated (as a base) by the sets U x V with U C X, V C Y open.
Let (X, || x): (Y5 ]l-ly-) be two normed spaces. Then the product norm on X x Y is defined by

[l xy = X XY = R, (2,y) = [|l2][x + [lylly -

As we will only need finite products, all the relevant properties of those spaces easily carry over to
their product as well:

Proposition 2.43. Let X,Y be two topological spaces.
e If X and Y are Hausdorff, so is X X Y.
e If X andY are (sequentially) compact, so is X x Y.
o If X and Y are locally convex, so is X X Y.

Now let (X, ||.|[x), (Y [-lly) be two normed spaces. Then (X XY, .|| xy) is a normed space. Moreover,
the following properties hold:

e The strong/weak topology on (X XY, ||.|| vy ) is the product topology of the strong/weak topologies
on (X, |[-Ilx) and (Y, [.]ly)-

e If X and Y are Banach spaces, so is X X Y.

o If X and Y are reflexive Banach spaces, so is X X Y. O

20



Absolutely Continuous Functions

Definition 2.44. Let J C R be some interval. A function F': J — R is absolutely continuous if
for any € > 0 there exists some § > 0 such that

n

S olbk—arl <6 = D |F(bx) — Flax)| <e
k=1

k=1 =

for every finite sequence of pairwise disjoint subintervals (ay, bx) C J.
We denote the set of all such functions by AC(J) and by AC-"(.J) the set of all non-decreasing
absolutely continuous functions.

Observation 2.45. Absolute continuity is related as follows to the more standard types of continuity:
Lipschitz-continuous = absolutely continuous = uniformly continuous.

Observation 2.46. The set AC(J) with pointwise addition and scalar multiplication forms a real vector
space.

Proposition 2.47 ([BS20, Corollary 4.3.5], [Var65, Theorem 2|). Let F : [a,b] — R be an absolutely
continuous function. Then F also has the following properties:

a) F is differentiable almost everywhere.
b) F maps null sets to null sets, i.e. for every set N C [a,b] we have
W) =0 = p(F(N)) = 0.
In [CCL15] Cominetti, Correa and Larré showed a helpful characterisation of non-negativity for
absolutely continuous functions which we state here in slightly altered form:

Proposition 2.48. Let F : [a,b) — R be any absolutely continuous function with a € R,b € R and
F(a) > 0. Then the following conditions are equivalent:

a) V0 € [a,b) : F(0) >0,
b) For almost all 6 € [a,b) we have F(§) <0 = OF(A) > 0.
¢) For almost all 0 € [a,b) we have F(§) <0 = OF(#) = 0.

Proof. This is essentially the same statement as [CCL15, Lemma 9|. The only differences are our
assumption F(a) > 0 instead of F'(a) = 0 in [CCL15| and statement b) which is slightly stronger in
[CCL15] than here (F(#) < 0 instead of F(6) < 0). However, it is easy to see that the same proof also
applies to our version of this lemma. O

The Fundamental Theorem of Calculus

Proposition 2.49 (Fundamental Theorem of Calculus). Let J be a non-trivial interval and ¢ € J
some fized point in this interval. Then we have:

J
—

Li (J) xR 1:1 AC(J)
-~
J
— T
Li (JRso) xR 1:1 AC/(J)
\/
)
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where the two mappings are defined by

/ c L (J) xR = AC(J), (f,C) — (J —R, 0~ /6 f(O)d¢ + c)
and
d:AC(J) — LL.(J),F — (OF, F(c)).

Proof. This follows directly from [BS20, Theorem 4.4.2] and [BS20, Corollary 4.4.4] together with
Proposition 2.48. [

Because of the above stated fundamental theorem of calculus, we will usually use capital letters to
refer to absolutely continuous functions. We then use corresponding lower case letters to refer to their
derivative.

Proposition 2.50. Let J = [a,b] be a compact interval and p > 1. Then the mapping

/ IP(T) = CW). f s (0 / £(0)d¢)

1s sequentially weak-strong continuous.

Proof. The integration mapping is a compact operator from LP(J) — C(J) (cf. [BS20, Example
6.9.4(iv)]). According to [Conl9, Chapter VI, Proposition 3.3] any such operator is completely
continuous, i.e. maps weakly convergent sequences to strongly convergent sequences. O

We can now also state three useful rules for evaluating integrals: The chain rule, integration by
parts and the change of variable formula:

Proposition 2.51 ([SV69, Corollary 4]). Let G : [a,b] — [c,d] be a monotone function and F :
[e,d] = R an absolutely continuous function. Then, F o G is differentiable almost everywhere and we
have

A(FoG)(0) =0F(G(M))-0G(9)
for almost all 0 € [a,b].

Proposition 2.52 ([BS20, Corollary 4.4.5]). Let F,G : [a,b] — R be two absolutely continuous
functions. Then we have

[ 970 60 = IFQGQL - [ FQ)-a6(00

where we use the notation [F(()G(()]Z = F(b)G(b) — F(a)G(a).

Proposition 2.53 ([SV69, Corollaries 6 and 7]). Let G : [a,b] — [c,d] be absolutely continuous and
f € LY([e,d]). If G is monotone or f is bounded, then we have

G(b) b
/ ()¢ = / F(G(Q) - BG(O)C.
G(a) a

Additionally, we can use the fundamental theorem of calculus to give several sufficient conditions for
non-decreasing, absolutely continuous functions for being strictly increasing in terms of its derivative:

Proposition 2.54. Let F' : J — R be an absolutely continuous, non-decreasing function with derivative
f:+J — R almost everywhere. Then we have

a) F is not strictly increasing at 6 € J if and only if there exists some € > 0 such that [ —e,0] C J
and we have f(¢) =0 for almost all ¢ € [0 — ¢, 0)].

b) If F is differentiable at 6 and OF(0) > 0 then F strictly increases at 6.
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¢) For almost all 0 with f(0) > 0 we have that F strictly increases at 6.

d) Given two times & < ¢ with F(§) < F(C) then there must be a subset J C [£,(] of positive
measure such that F strictly increases at all times 6 € J.

Proof. a): If there exists some interval [0 — ¢, 0] on which f is zero almost everywhere then we have
FO)=F—¢)+ f:_e f(¢Q)d¢ = F(0 — e) + 0. Thus, F' is not strictly increasing at 6.

If, on the other hand, F' is not strictly increasing at 6, then there must be some ¥ < 6 with
F(¥) = F(0). Since F is non-decreasing, this implies that it is constant on [¢J, §] and we have
f(¢) =0 for almost all ¢ € [+9,].

b): This follows directly from a).
c): This follows from b) since we have f(0) = 0F(0) for almost all 6.

d): Since f; f(Q)d¢ = F(0) — F(¥) > 0, there must be a subset S C [, ] of positive measure with
f(¢) >0 forall ( € S. By c) F is strictly increasing for almost all these ¢ € S. O

2.4. Two General Existence-Results

The two following results will be key ingredients for our existence results for IDE.

A Fixed Point Theorem for Infinite Dimensional Spaces

Fixed point theorems like Brouwer’s and Kakutani’s Fixed Point Theorem are a standard tool for
showing existence of equilibria in game theory. We will make use here of a version of Kakutani’s Fixed
Point Theorem which also applies to infinite dimensional topological vector spaces.

Definition 2.55. Let X be a topological space and I' : X — 2% a correspondence (i.e. a function
from a set to its power set). We denote the graph of ' by

graph(T") = {(z,y) e X x X |y eT(x) }.
We say that I has a closed graph if graph(I') C X x X is a closed subset.

Theorem 2.56 (Kakutani-Fan—Glicksberg, [AB06, Corollary 17.55]). Let X be a locally convex
Haussdorff space, K C X a non-empty, convex and compact subset and T : K — 25 a correspondence
with closed graph and non-empty convex values.

Then the set of fized points {x € K |z € T'(z) } of T' is compact and non-empty.

Zorn’s Lemma

Another important tool for our existence proofs for IDE will be Zorn’s Lemma. We follow here the
presentation in [nLa23a; nLa23b]:

Definition 2.57. A binary relation < on a set X is called
e reflexive if it satisfies z < x for all z € X,
e transitiveifx K yAy=<z = z<Xzforall z,y,z € X,
e antisymmetricifx KyAy<zr = x=yforall z,y € X,

total if we have x < yVy <z for all x,y € X

e a preorder if it is reflexive and transitive and
e a total order if it is reflexive, transitive, antisymmetric and total.

Given a preorder < on X we call (X, <) a preordered set and
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e r € X maximal if it satisfies y < z for all y € X with z <y,
e Y C X a chain if the restriction of < to Y is a total order and
e r € X an upper bound to Y C X if it satisfies y < x for all y € Y.

Lemma 2.58 (Zorn’s Lemma). Let (X, <) be a preordered set where every chain has an upper bound.
Then X has a mazimal element (with respect to <).

This version of Zorn’s Lemma is from [nLa23b] where they also provide a proof, i.e. show that it
follows from the Axiom of Choice ([nLa23b, Theorem 2.3]).

2.5. Graph Theory and Optimization

We recall some basic definitions and results from graph theory and optimization. For a more detailed
introduction we refer to standard text books on these topics like e.g. [Junl2; Junl4] where we also
take most of our notations from.

Basic Definitions from Graph Theory
Definition 2.59. A (directed) graph G = (V(G), E(G)) consists

e A finite set V(G) of nodes and
e a finite set E(G) C V(G) x V(G) \ { (v,v) | v € V' } of edges.

For any node v € V we then denote by d5(v) := {e = (v,w) € E(G)} the set of all edges leaving
v and by 0, (v) == {e= (w,v) € E(G)} the set of all edges entering v. We say that e is an edge
from v to w if e € §5(v) N dg(w). We also extend this notation to subsets of nodes by setting
SEW) ={e=(w,v) € B(G)|weW,v¢ W} and §5(W) = {e=(v,w) € E(G) |v¢ W,we W}
for any subset W C V.

Whenever the underlying graph G is clear from the context, we may omit the argument/index G
from all the notation introduced in this definition. Moreover, we usually write vw instead of (v, w) to
refer to an edge from v to w.

Note that our definition only allows simple graphs, i.e. does not allow parallel edges or loops. This
is, however, only a notational convenience (in particular it allows us to uniquely identify edges by their
head and tail nodes). All the results from this thesis also hold for multigraphs (and can be shown
using the same proofs).

Figure 2: An example graph showcasing the various definition from graph theory: The thick nodes and
edges form an induced subgraph induced by the node set W = { vy, vo, v3, v4 }. This subgraph
G[W] is an acyclic graph and vy < v3 < v2 < v defines a topological order on its nodes.
The blue arrow indicates the vy, v1-path v4vo, vov1, the red arrow indicates the vy, vg-walk
V7V5, UsVy, U4V3, U3Vs, UsVs, V406 and the green arrow indicates the cycle v7vs, vsvy, v4vs, vaUT.

Definition 2.60. A graph G’ is a subgraph of another graph G if we have V(G’) C V(G) and
E(G") C E(G"). We then denote this by G' C G.
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Definition 2.61. For any node subset W C V(G) the induced subgraph on W is the graph G[WV]
defined by

e the node set V(G[W]) .= W and
o the edge set E(G[W]) = E(G)[W] = {vw € E(G) |v,w e W}
In other words, the induced subgraph on W is the maximal subgraph of G using W as its set of nodes.
Definition 2.62. Let G = (V, E) be a graph, n € Ny and a finite sequence of edges
pi=(e1,ea,...,e,) = (V1wy, V2w, ..., vow,) € E™.
Then
e pis a walk if it consists of consecutive edges, i.e. we have wy, = vi4q for all k € [max{n —1,0}],

e pis a path if it is a walk and it visits no node twice, i.e. we have vy # v, for all k # ¢ € [n] and
vy # wy, (if n > 1),

e p is a cycle if it is a walk of length at least 2, ends at its start node and visits no node in
between twice, i.e. we have n > 2, vy, # vy for all k # ¢ € [n] and w,, = v;.

We call n the length of p. If p = (viwy, vows, ..., v,w,) is a walk/path, we call v; the start node of
P, Wy, its end node and p itself a vy, w, ~walk /vy, w,-path. We consider the empty path () a v, v-path
for any node v € V.

For any two node subsets U,WW C V a U, W-walk/U, W-path is any v, w-walk/v, w-path with
veU,weW. We will also use v, W-path as shorthand for { v } , W-path.

Similar to our simplified notation for edges we will usually omit the parentheses when referring
paths/walks, i.e. we write ey, es,...,e, instead of (e1,ea,...,e,). This also allows us to write the
concatenation of two walks p and ¢ as just p, q.

Definition 2.63. A graph is called acyclic if it contains no cycles.

Definition 2.64. A binary relation < on V is a topological order on a graph G = (V,E) if < is a
total order and < satisfies
vweE = v<w

for all edges vw € E, i.e. edges always go “upwards” (with respect to the topological order).
Proposition 2.65 ([Junl12, Theorem 2.6.3]). A graph admits a topological order if and only if it is
acyclic.

Node Labels in Graphs with Edge Costs

In this thesis we will usually consider graphs with additional data. In particular, we will usually have
some cost 7. € R associated with each edge e € E and some set T" C V of terminal nodes. We are
then interested in the cheapest paths from any node in the network to any terminal node.

Definition 2.66. Let G = (V, E) be a graph with edge costs v = (Ve)eer € R and a set of terminal
nodes T'C V. We then define node labels )\, € R (with respect to ) by setting

Ay =inf {7, |pawv,T-path},

where v, = Zeep ~e denotes the cost of a path p. We say that a v, T-path p is efficient (with
respect to ) if 7, = A, and that an edge e = vw € E is efficient (with respect to ) if it satisfies
Ay = Ve + Ay Finally, we denote by

Vi={veV|PHv,T-path}

the set of dead-end nodes, i.e. nodes from which there exists no path towards any terminal node.
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It is well-known (cf. e.g. [Jun12, Theorem 3.5.3]) that for graphs without cycles of non-positive cost
the node labels can be equivalently defined by Bellman’s equations:

0, ifvoeT
Ap =1, . (1)
inf{ve+ Ay |e=vwedt(v)}, else

For graphs with zero cost cycles these equation do not necessarily have a unique solution anymore.
However, as long as there are no cycles of negative cost, the node labels are still the unique maximal
solution to (1) (cf. [Mar22, Section 2.2]). We collect these facts together with several other helpful
properties of such node labels in the following proposition:

Proposition 2.67. Let G = (V, E) be a graph with edge costs y € RE, terminal nodes T C V and
corresponding node labels A € RY. Then we have:

a) A\, =00 <= veVl.
b) Ay < oo if and only if there exists at least one efficient v, T-path.
c) VteT:  \ <0.
d) The first edge of an efficient path is always efficient.
e) Any non-terminal node with at least one outgoing edge also has an efficient outgoing edge.
If we have v, > 0 for all cycles ¢, then the node labels also satisfy:
f) Ve=vw e E: A <9+ Ay
g) An edge e = vw € E is efficient if and only if Ay = Ve + -
h) v. =0 for every cycle ¢ consisting only of efficient edges.
i) Fvery edge on an efficient path is efficient itself.
If, additionally, we have v, > 0 for any T, T-path p, then the node labels further satisfy:
J)vteT: \=0.
k) vp =0 for every efficient T, T -path p.
1) A v, T-path is efficient if and only if all its edges are efficient.
m) The vector (Ay), € RY is the unique mazimal solution to (1).
If, additionally, we have . > 0 for any cycle ¢, then the node labels also satisfy:
n) There exists no cycle consisting only of efficient edges.
0) The vector (\,), € RY is the unique solution to (1).

Proof. a),b): Since 7, is always finite, we have A, = oo if and only if we take the infimum over the
empty set, i.e. if there are no paths from v to any terminal node. If, on the other hand, this set
is non-empty, the infimum is attained since the set of v, T-paths is always finite.

c): For any terminal node ¢ € T the trivial path is a ¢, T-path with cost 0.

d): Let p = e,p’ be an efficient path and e = vw its first edge. Then, p’ is a w, T-path and, therefore,

A=Y =Ye +Vp = Vet Aw-
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e): We consider two cases: If there exists at least one v, T-path, then there is also a (non-trivial)
efficient path and, thus, an efficient edge leaving v by d). If there is no v, T-path, then take any
edge e = vw € 67 (v). Then, there can also be no w, T-path and, thus, we have

)\Uzoozfye—l—oog'ye—l-)\w-

f): If A\, = 0o, then the inequality trivially holds. Otherwise, let p be any efficient w, T-path (which
exists by b)). Then e,p is a v, T-walk and, thus, contains a v, T-path p’ differing from e, p in at
most a cycle. Since such a cycle has non-negative cost, this implies

Ao S S Vep = Ve F 0 = Ve T Awe
g): This follows directly from f).
h): Let ¢ be any cycle consisting only of efficient edges. Then we have

OS’YCZZ’Vei) Z ()\v_)\w)zo-

ecc e=vweEce

i): Let p be an efficient v, T-path and e = v'w’ € p some edge on this path, i.e. p = p1,e, ps for some
subpaths p; and ps. Then a) and b) imply that there exists some efficient v’, T-path p’. As
p1,p is a v, T-walk, we can turn it into a v, T-path p by removing cycles. Since all cycles have
non-negative cost, this implies

Yor.p' 2 V6 2 Vp = Vpr,epz
and, therefore, v, > ve p,. This now gives us
Ao =Yp' 2 Yeps = Ve T Vpa = Ve + Aw
which proves that e = v'w’ is efficient.

j): This follows directly from c) together with our additional assumption that all T, T-paths have
non-negative cost.

k): Let p be an efficient ¢, ¢'-path with ¢,# € T. Then we have
Yp = )\t g 0.
I): Let p be a v, t-path with ¢t € T' consisting only of efficient edges. Then we have
8) j)
=Y Y= D =) =Xy — A = A,
ecp e=v'w’Ep
Thus, p is efficient. The other direction already holds due to i).

m): We first show that (\,), is indeed a solution to (1): Take any node v € V. If v € T, then we have
Ao =0Dbyj). Ifvé¢ T and 6" (v) =0, then we have A, = co by a) while the right side of (1) is
also clearly infinite. Finally, in the remaining case e¢) guarantees the existence of an efficient
edge e = vw € 67 (v) and we have A, = V. + Ay by g). At the same time we have A\, < ve + Ay
for any edge ¢ = vw’ € 67 (v) by f). Together, this shows

Ay =min {7y, + Ay, | e=vw €6 (v)}.
Now, to show that (),), is maximal among all solutions to (1), let (A\]), be any solution to (1).

Then, for any node v without any v, T-path we have X, < co 2) Ay. For any other node v let p
be an efficient v, T-path (which exists by b)) and denote this path by p = viwy, vows, ..., vpwg.
with v; = v and wy € T Since (X)), is a solution to (1), we then have

j)
)\L < )\;2 + Yo w, < )\23 + Yogws + Yorwy <. < >\Lk + Z'Ye L 0 + v = Ay
ecp
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n): This follows directly from our additional assumption together with h).

0): We already know from m) that (\,), is a solution to (1). So, it remains to show that it is also
the only solution. We assume for contradiction that there exists another, different solution (X]).
Since, according to m), (A,), is the maximal solution, this means there is some node vy € V
with A, < Ay,. We now consider three different cases for this node vy and show that they all
lead to a contradiction:

1. Case: vo € T: Then (1) together with j) imply \| =0 = A,,, which is a contradiction to
Ay < Aug-

2. Case: vg ¢ T and 67 (vg) = 0: Here, (1) gives us A, = oo which is an immediate con-
tradiction to A, < Ay,.

3. Case: vg € T and 6T (vg) # 0: In this case (1) guarantees the existence of some edge
vou1 With X = Yyg0, + Ay, . For the label at node v; we now get

’ /
)\Ul e /\Uo — Yoovr < >\v0 — Yvovy

m) ,
= inf {7 + A | € = vow € 5T (v0) } — Vogur
S Yvovy + Avl — Yvovy = )\1)1

Thus, we can now make the same case distinction for node v; as we just did for node vg
resulting either in a contradiction (in the first two cases) or in the existence of another
node vy with X, = 74,4, + A, and X, < A,,. Continuing on this way we get a sequence
of nodes vy, v1, ..., v, ending either with a contradiction for some node v in one of the
first two cases or a cycle (i.e. vy = vo). In the latter case we have found a cycle ¢ for
which we have

k-1 k—1
’YC = Z'Ye = Z’ijvj+1 = ()\; - >\;+]) = )\6 - ?{; = 07
e€c j=0 j=0
a contradiction to the assumption that all cycles have strictly positive cost. O

Tools from Optimization

A generic optimization problem is given by some set S of feasible solutions and an objective function
f: S8 — R. The goal is then to find (local) minima/maxima of f over S, i.e. a feasible point z € S with
f(z) =min/max { f(z') | 2’ € S} (or f(z) = min/max { f(2') | 2’ € U} for some neighbourhood U C S
of z).

If S is compact and f continuous, then such a solution is guaranteed to exist:

Proposition 2.68 (J[AB06, Corollary 2.35]). Let f : S — R be a continuous function on a non-empty
compact set. Then f attains its minimum and its mazimum.

The KKT-conditions discovered by Karush, Kuhn and Tucker provide necessary conditions for
(locally) optimal points of certain classes of optimization problems. We will use them for problems of
the form

min f(z)

st. Az < a
Bx=b
reR"

(MIN)

where f : R” — R is a function, A € R¥*" B € R™*" two matrices and a € R* b € R™ two vectors.
The KKT-conditions for such a problem are then as follows:

Proposition 2.69 ([Junl4, Satz 6.1.5]). Let x € S be a (local) minimum of (MIN) such that f is
differentiable at x. Then there exist vectors A € R¥ and pu € R™ such that

Vix)+ A" A+u"B=0, N(Az—a)=0 and X>0.
Here, Vf(x) denotes the gradient of f at x, i.e. the row-vector (O, f())ien)-
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2.6. Complexity Theory

For analysing the quality of both IDE themselves and algorithms for computing them, we will make
use of two helpful tools from complexity theory: The Landau notation to describe asymptotic bounds
and the concept of NP-hardness to be able to express formally that certain problems are difficult. For
a more formal introduction to these topics we refer to [GJ79; Pap95; CLRS22|.

Definition 2.70. Let f:R%; — R be any non-negative function. Then we denote by
O(f)={g:R" >R |3N,CeNg:Vz €RL:21,..., 2, > N = g(z) < C- f()}
the set of functions which are asymptotically upper bounded by f and by
Q(f) = {g:R”%R|3N,cENo VzeREg:21,...,2, 2 N = c-g(z) Zf(a:)}
the set of functions which are asymptotically lower bounded by f.

Note, that for n = 1 this reduces to the standard definitions for the Landau notation (cf. e.g.
[CLRS22, Section 3.2]). For the case of multiple variables, however, this is just one of several different
and incompatible definitions of O and Q which are in use — see [How08].

A decision problem consists of a class of instances (problems) and a question which for each of the
instances has either “yes” or “no” as the answer. An example would be

Acycric GRAPH:

Input: A directed graph G

Question: Is G acyclic?

The class P contains all decision problems for which there exists a deterministic polynomial time
algorithm, i.e. an algorithm which for any instance I correctly identifies whether the answer is “yes” or
“no” and has a runtime in O(p({I))) for some polynomial p (where (I) stands for the encoding size of
the instance 7).

The class NP contains all decision problem for which there exists a non-deterministic polynomial
time algorithm, i.e. an algorithm as in the above case of the class P but which additionally is allowed
to use an oracle which for any “yes”-instance provides a polynomial size proof for the answer being
“yes”.

Clearly, the class P is contained in the class NP. However, whether it is a proper inclusion or whether
the two classes are actually the same, is still an open problem: The famous “P=NP?” problem which
is one of the six unsolved millennium problems (cf. [Bom+06]).

Definition 2.71. Let II; and IT5 be two decision problems. We say that II; is harder than Iy (written
ITI; > II,) if there exists a transformation 7' from instances of II; to instances of Il such that for any
instance I of II; we have

e [ is a “yes™-instance for II; if and only if T'(]) is a “yes™instance for Il and
e there is an algorithm which constructs 7'(I) in polynomial time (in the encoding size of I).

A decision problem II is NP-hard if we have II > II’ for all decision problems II’ in NP. It is
NP-complete if it is NP-hard and itself contained in NP.

Proposition 2.72 ([CLRS22, Lemma 34.8]). Let IT be any decision problem. If we have 11 > I’ for
some NP-complete problem II', then II is NP-hard.

A famous NP-complete decision problem is satisfiability ([GJ79, Theorem 2.1]): Here we consider a
boolean formula in conjunctive normal form, i.e. a formula which is a conjunction of clauses which in
turn are disjunctions of literals (i.e. variables x or their negations —z). An example for such a formula
is then

(1 VasVzy) A (mxp) A (mx3 V —ze) A (22 V xs). (2)
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Such a formula is said to be satisfiable if there exists an interpretation of the variables such that
the formula becomes true, i.e. a function 5 : {x1,...,2, } = { TRUE, FALSE } such that every clause
contains at least one literal which is true. For example, the formula in (2) is satisfiable as the
interpretation 5(z1) = f(x3) = B(x4) = FALSE, 8(x2) = TRUE makes the whole formula true.

A more restricted version of this problem is 3SAT where we only allow formulas where every clause
contains exactly three literals:

3SAT:

Input: A boolean formula ¢ in conjunctive normal form where every clause has exactly three
literals

Question: Is ¢ satisfiable?

Proposition 2.73 ([GJ79, Theorem 3.1]). 3SAT is NP-complete.
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3. Model

Using the formalisms introduced in [KS11; CCL15] we describe in this chapter the model we will then
study in this thesis. This description consists of two main parts: First, we have a physical model
describing how flow propagates throughout the network (which, in turn, is mostly governed by the
flow dynamics on individual edges). Second, we have a behavioural model which describes how the
individual particles making up the flow choose their route through the network.

3.1. Physical Model

In this section we formally define the physical flow model. This model is based on the deterministic
queuing model introduced by Vickrey but extended to multi-commodity flows and whole networks.
On our way of describing this model we will also show five fundamental properties of the edge flow
dynamics induced by this model:

Existence and Uniqueness: For every inflow rate there exists a unique outflow rate such that together
they form an edge flow satisfying the constraints of our model (Corollaries 3.21 and 3.43).

Continuity: The resulting mapping from inflow to outflow rates as well as to current travel times is
continuous with respect to appropriately chosen topologies on the respective function spaces
(Corollaries 3.45 and 3.46). This will be important for our general existence result in Chapter 4.

Structure preservation Right-constant inflow rates lead to a right constant outflow rates (Proposi-
tion 3.22 and Corollary 3.44). This property will be particularly important when we want to
construct flows, i.e. in Chapter 5, but also for the more specialized existence results in Chapter 4.

Monotonicity: A larger (cumulative) inflow can only lead to a larger or equal (cumulative) outflow
(Corollary 3.23). This will be helpful when we have to show that a whole range of flows satisfies
some given bounds in one of our gadget constructions in Chapter 6.

No idling: Flow cannot stay on an edge for too long, i.e. whenever there is flow on an edge, flow of
that volume will leave the edge “soon” after (Corollary 3.24). This will be the basic ingredient
for showing upper bounds on the termination time of flows in Chapter 6.

We refer to [Koc12, Chapters 3 and 7] for a much more extensive study of both the physical model
used here as well as more general models for flow dynamics (for the single-commodity case).

3.1.1. Anonymous Edge Flows

Let e be an edge characterised by a free flow travel time 7. € R>¢ and a capacity v. € Rsg. The
free flow travel time denotes the time it takes a particle to traverse edge e if there is no congestion.
The capacity is the maximal rate at which particles may travel along this edge (without causing
congestion). We start by considering flows on such an edge where all particles are interchangeable, i.e.
we cannot distinguish between different particles and, in particular, all particles belong to the same
commodity.

Definition 3.1. An anonymous edge flow f, = (f.7, f7) on an edge e consists of two functions

e’

. fo € LL (R>0,R>q) where f(6) denotes the (edge) inflow rate into edge e at time 6 and

loc

fo(0) denotes the (edge) outflow rate from edge e at time 6.

For any such edge flow defined by in- and outflow functions we can then also define corresponding
cumulative flow functions denoting for every time 6 the volume of flow which has entered/left edge e
up to that time 6.

Definition 3.2. For any anonymous edge flow the associated cumulative anonymous edge flow
F. = (F.r,F.) is defined by:

e the cumulative inflow F : Rsg — Rsq,0 = F(0) = [2 f(¢)d(¢ and

e
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€

Moreover, we define the edge load at any time § € Rs¢ by F2(0) == FX () — F. ().

e

e the cumulative outflow F, : R>g — R>0,0 — F, (0) == fog fo(O)d¢.

An important property of these cumulative flow functions is that they are non-decreasing and
absolutely continuous. Moreover, their derivatives are again the underlying flow rates (almost
everywhere). This follows directly from Proposition 2.49:

Proposition 3.3. The cumulative in- and outflow are non-decreasing, absolutely continuous functions
satisfying

OF(0) = [ (0) and OF; (0) = f. (6)
for almost all 6 € R>g. O

Remark 3.4. According to Proposition 2.49 there is actually a one-to-one correspondence between
edge flow rates and cumulative edge flow functions. Thus, one could equivalently use the cumulative
versions as the definition for an edge flow. In fact, this is the approach taken e.g. in [Koc12; HFY13;
OSK23]. Note that in [HFY13; OSK23| absolute continuity is replaced by left- or right-continuity
making their model more general as it then allows for flow of positive measure to enter an edge at a
single time. However, since we will not allow waiting at nodes, this extension will not be relevant for
our model and we can just freely switch between the two different view points.

Now, given an edge flow f, we would like to determine the current travel time on edge e (as a
function over time). A natural way of accomplishing that would be to look at a flow particle entering
the edge at time 6 and then measuring the time until it leaves the edge again. However, since we
cannot distinguish individual particles, this is not possible. What we can do instead is to take the
cumulative inflow at time 6 (i.e. F;7(0)) and then measure the time until a flow of equal volume has
left the edge. Assuming that all particles are treated equally and, in particular, enter and leave the
edge in accordance with the first-in first-out (FIFO) principle this then gives us the actual travel time
experienced by all particles that entered the edge at a specific time.

In order to make this into a formal definition, we also need to be able to say at which points in
time flow actually enters an edge (under a given edge flow f.). Since the flow rates are, formally,
equivalence classes of functions and, therefore, only defined up to changes on any set of measure zero,
it would not be well defined to say that flow enters edge e at time 6 if fF(6) > 0. Instead, we will
use the cumulative inflow function here (we can then use Proposition 2.54 to translate between this
definition and properties of the inflow rate):

Definition 3.5. We say that flow enters edge ¢ at time 6 > 0 if F.' is strictly increasing at 0, i.e.
if for all ' < 6 we have F.F(6') < F."(0).

Remark 3.6. Note that this definition is very similarly to that of the monotonicity set of .t used
in [Kocl12, Definition 2.24] for essentially the same purpose. Namely, we have

Monotonicity Set of F;f = {6 € R>q | flow enters f at 6 } U{max{6 >0| FF () =F1(0)}}.

Definition 3.7. For any time 6 at which flow enters edge e we define the experienced current
travel time on edge e by

Ce(0) =inf{¢>—0 | F,(0+¢) > FF(0)}.

Up to now, there is no connection between edge-flows on an edge e and the edge’s free flow time
and capacity. Thus, as our next step we want to define feasible or “physically possible” flows: At a
minimum, an edge flow should respect the edge’s capacity and free flow travel time, i.e. it may not
leave an edge at a higher rate than v, and not earlier than 7. time units after it entered the edge.
These two conditions can be formalised as follows:

Definition 3.8. An anonymous edge flow f. satisfies weak flow conservation until £ € Rzo if
F(0+7.) < Ff(0) forall < ¢ (3)
and strong flow conservation until ¢ if

Fo(0+7.)=F () forall § < &.
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Definition 3.9. An anonymous edge flow f. respects the capacity of edge e until £ € RZO if

fo (0 +7.) < v, for almost all 6 < &. (4)

While, in the end, we usually want these (and all further) properties of dynamic flows to hold
for all times (or almost all times in case of constraints on the flow rates) we will make these
definitions more general in the sense that we always define properties “until some time £ € RZO”.
This will be especially helpful in Chapter 4, where we will construct dynamic flows with certain
properties by starting with an arbitrary flow (which trivially satisfies the desired property until
¢ = 0) and then iteratively adjust it in such a way that it satisfies the property until some later
and later time. A property which is satisfied until £ = oo holds for all time. In this case we will
usually drop the “until £” and just say that the given flow satisfies this property.

Also note that, as we can already see in the two definitions above, a property up to some time &
will typically impose some restriction on the edge inflow during [0, &) but during [7,£ + 7.) on
the edge outflow. In particular, constraint (4) does not restrict the outflow rate during [0, 7).
However, for any £ > 0 constraint (3) already ensures that the outflow rate is zero during this
time interval.

By combining the previous two definitions we get two main ways of modelling congestion: Respecting
capacity and strong flow conservation or respecting capacity and weak flow conservation. In the first
case we effectively limit the inflow into an edge and, thus, congestion happens before the edge, e.g. on
the previous node. This is the model used by Ford and Fulkerson when they first introduced dynamic
flows in [FF58]. In the second case we allow flow to enter the edge at any rate and limit the rate at
which it can leave the edge instead. Hence, in this model congestion happens on the edge. This is the
approach proposed by Vickrey in [Vic69] and which we will follow here as well.

More precisely, we will handle congestion by a point queue at the beginning of the edge, i.e. flow
particles currently on an edge can only be in one of two states: Waiting in the queue at the beginning
of the edge or travelling on the edge itself without experiencing any further congestion delays.

Definition 3.10. For any anonymous edge flow f. we define the queue length function of an
edge e by

Qe :Rsg = R, 00— Qc(0) = FF(0) — F (0 + 7). (5)
We say that the queue of edge e starts empty if Q.(0) = 0.

Note, that even though the notation makes no reference to the underlying edge flow f., the queue
length does of course, depend on this flow. In the rare occasions where it is not obvious from the
context which flow the queue length (or other flow dependent objects we will define later on) are
derived from, we will make this explicit by a superscript in the notation. E.g. if there are two edge
flows f. and g., we may use Qf and QY to refer to the queue length functions of f. and g., respectively.

Remark 3.11. One could, of course, also place the queue at the end of the edge (by defining Q.(6) =
FX (0 —1.)— F;(0)). For the physical flow model this would not make any difference except for a time
shift in the notation. The same is true for the behavioural model in a full information setting (and,
in fact, both conventions are in use there). In the current information setting, however, this choice
makes a subtle but important difference. Namely, it determines when other agents in the network get
informed about congestion: Already when particles enter an edge or only once they reach the end
of that edge. Placing the queue at the beginning of the edge, thus, gives the agents in the network
earlier access to congestion information about that edge.

Note that, if we are allowed to use edges of zero free flow travel time, then we can always model
queues at the end of edges using two consecutive edges with queues at the beginning and vice versa.

Proposition 3.12. Let f. be an anonymous edge flow and & € Rzo some positive time. Then the
following properties hold:
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a) The queue length function is absolutely continuous.
b) The queue on edge e starts empty if and only if fe_|[077,e] =g 0.
¢) The queue is non-negative during [0,£) if and only if f. satisfies weak flow conservation until £.

d) If f. satisfies weak flow conservation until some time £ > 0, then the queue on edge e starts
empty.

Proof. All four properties follow directly from the definitions (and Proposition 3.3 in case of the first
one). O

Using the queue length function we can now formally state Vickrey’s deterministic queuing model,
i.e. a queue only forms if the edge inflow exceeds the edge’s capacity and whenever there is a queue,
then particles leave this queue (and start traversing the edge itself) at a rate of ve:

Definition 3.13. A queue operates at capacity until £ € Rzo if it satisfies

Ve, it Qu(6) > 0

for almost all 6 < 6
min { fF(0),v.}, else oF aTmosk A ¢ ©

fe(9+7'e)_{

and, if £ > 0, starts empty>.

Intuitively, it should be clear that a queue operating at capacity leads to a travel time of Q;—(m + Te
(waiting time in the queue plus traversal time for the edge itself) for particles entering the edge at
time . This leads to the following definitions of ezpected current travel and exit times:

Definition 3.14. For any edge flow f. we define the (expected) current travel time by

C.iRyg R0 2Oy o
> »
and the (expected) current exit time by
T. :Rsg = R, 60— 0+ C.(0) :9"‘@67@)‘1‘7'@-
> 0.

Observation 3.15. The current travel time and current exit time function are both absolutely continuous
as as linear combinations of absolutely continuous functions.

We collect some standard properties of the current exit time function, which can also be found in
similar form in many other works on Vickrey flows (e.g. [CCL15; Ser20; Mar22]).

Proposition 3.16. Let f. be an anonymous edge flow which respects capacity until £ € R>q. Then
the following properties hold:

a) The current exit time function is non-decreasing on [0, &].
b) We have dT.(0) =0 = f(0) =0 for almost all 6 € [0,€).

¢) If, additionally, f. satisfies weak flow conservation until &, then it also satisfies the following
flow conservation condition:

F,(T.(0)) < F(9) (7)

(&

for every 0 < & with T.(0) < & + 7.

2Excluding the case £ = 0 here is only a notational convenience as it ensures that any edge flow has a queue operating
at capacity until time £ = 0.

34



Intuitive explanation: Property a) essentially states that the (expected) current travel time of
an edge flow respecting capacity satisfies the following weak first-in first-out (FIFO) condition:
Entering the edge later never leads to an earlier (expected) exit time. On the other hand, it
is easy to see (cf. Example 3.17) that such a flow need not obey strict FIFO, i.e. entering an
edge later can lead to the same exit time. This is in contrast to other flow models like linear
edge delays where an even stronger FIFO condition is satisfied, namely that there exists some
constant v, > 0 such that one always has T, (02) — Te(61) > ve(62 — 61) for all 85 > 6, (cf. [ZMOO,
Theorem 5.1]).

Together with b) we do, however, get strict FIFO for our model at least for all times where
flow enters the edge.

Finally, property c) states that the flow is not faster than the expected travel time (whenever
there is proper inflow). Note here that, even though (7) looks like a stronger condition than weak
flow conservation, it does not imply weak flow conservation (even under the assumption that the
flow respects capacity) — see Example 3.18.

Proof. All three properties follow from the definitions by mostly straight forward computations:

a) Take any two times 6 < 6§’ < £. Then we have

roy =0+ %O g WICHREAQE)
(4) Ve (0/ _ 0) 4 Qe(g/) QE(Q’)

<60+ +Te=0+ (0 —0)+ + 7 =T (0).

Ve Ve

b) Since F and F are both absolutely continuous, it suffices to show the claim for only those 6 < &
where we have OF.F(0) = f(0) and OF, (6 + 7.) = f. (0 + 7). Now, for almost all such times
we have

®
8Te(0) =1+ 6@;6(9) =1+ f:r(e) 2 (6+TC) 1+ f+(0) i . f:(o)

e

Hence, for almost all such times 6 we have 9T,.(0) =0 = f.F(9) = 0.

c) Let 6 < € be any time with T.(0) < £ + 7. Then we have:

0+ el (3),(4) 0+ )
F(TL(0) = Fo (0 +7) + / frCrrydc S E (04T ¢ / ved¢
] ]
:Fei(e‘i’Te)‘i’Qe(e):F;(a)' O

Example 3.17. Consider an edge with 7. = v, = 1 and an edge flow defined by ff =21 ; and
fo =1 3. This flow clearly satisfies weak flow conservation and respects capacity. During [1, 2] the
(expected) current exit time is constant, e.g. entering edge e at any point in this interval leads to the
same exit time. Note, however, that under the given flow no flow actually enters during this interval
(as guaranteed by Proposition 3.16b)).

Example 3.18. Consider an edge with 7, = v, = 1 and an edge flow defined by f = Ljo,1; and
fo = 1{1 o) (cf. Figure 3). This flow clearly violates weak flow conservation after time § = 1. However,
constraint (7) is satisfied as we have

0+0—-0+1=0+1, ford<1

T.0)=0+29 0 — gL Fr@O) —F (H+1)+1=
() + Ve + 7 + e() e( +)+ 9+1_9+1:27 for 6 > 1

and, therefore,

)=Fr(0), ford<1
F-(2)=1=Ff(9), foro>1.
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Figure 3: An edge flow on an edge with 7, = v, = 1 which satisfies (7) but not weak flow conservation.

We now want to show that for edge flows with a queue operating at capacity expected and experienced
current travel time do, in fact, coincide (whenever they are both defined). On our way to proving this,
we will also show the equivalence of several alternative definitions of the deterministic queueing model
used in literature (e.g. [HFY13; CCL15; Mar22|):

Proposition 3.19. Let f. = (fF, f.) be an anonymous edge flow and & € Rzo some time. Then the
following properties are equivalent:

a) The queue of edge e operates at capacity until £.
b) The queue of edge e satisfies

f(0) —ve, if Qe(0) >

0
[ tall @ < 8
max { f+(6) ~ v,0},  clse for abmost allo <€ (8)

aQP(G) = {

and, if £ > 0, starts empty.

¢) The flow satisfies weak flow conservation and respects capacity on edge e until & and the
cumulative outflow satisfies for every 6 < £ the following equation

F(0+7.)=F0) + (-0, (9)

e

where 0 :== max {0’ < 0| Q.(0') =0} is the last time before § with empty queue.

d) The cumulative edge outflow is completely determined by the cumulative edge inflow in the
following way for every 6 < &:

F-0+7)= éﬂ% (FFH(0) + (0 —0")ve) (10)

e) The flow satisfies weak flow conservation, respects the capacity until £ and satisfies

F(T.(0)) = F(0) for all § < € with T.(0) < & + 7. (11)
f) The flow satisfies weak flow conservation and respects the capacity on edge e until § and for
every 0 < & with T.(0) < & + 7, where flow enters the edge we have C.(0) = C.(0).

Intuitive explanation: Property f) shows that experienced and expected current travel time
coincide for flows with queues operating at capacity. Moreover, it states that the following three
bounds completely determine the dynamics of an edge flow: Weak flow conservation gives a
lower bound of 7. on the travel time, (11) gives an upper bound of 7. + Q;—@ and respecting the
capacity enforces the creation of a queue if the inflow rate exceeds v,. This characterisation is
essentially the same as in [CCL15, Proposition 1].

Property e) is a reformulation of f) and — in the form stated in Proposition 3.40b) — often used
for multi-commodity flows (e.g. [CCL15, eq. (25)]).

The characterisation in d) is particularly helpful for showing that for queues operating at
capacity the outflow is completely determined by the inflow. This is exactly how Cominetti,
Correa and Larré use this formulation (stated in the form Q.(f) = maxg <g f:, (¢ — vedC) in
[CCL15, Section 2.2] and how we will use it in Corollary 3.21. In [HFY13] this is used directly as
definition for the flow dynamics in the Vickrey model (cf. [HFY13, constraint (4.14)]).
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Markl showed in [Mar22, section 3.4] that the equivalence of characterisation d) to the constraint
that the queue operates at capacity even holds in the more general case of time-varying capacities.
He also introduced characterisation c).

Statement b) is just a restatement of the constraints of queues operating at capacity as a
differential equation using the derivative of the defining equation for the queue length functions,

ie. 0Q.(0) = f(0) — fo (04 7).

Proof. Proofs for most of the implications contained in this proposition can be found in [CCL15] and
[Ser20, Lemma 3.1]. We will prove them here by showing a) <= b) — ¢) = d) = ¢) =
f) = a).

a) <= b): Here we follow the proof of [Ser20, Lemma 3.1 (vii)|]: Since both F." and F, are
absolutely continuous they are differentiable with OF."(0) = £ (0) and OF; (0 +7.) = fo (0+7e)
for almost all 8 < &. For all those 8 we then have by the definition of the queue length function

0Q.(0) 2 OF}(0) = OF; (0+7.) = 17 (0) = f. (0 + ).
This now immediately implies the equivalence of the constraints (6) and (8).

b) = c): If £ = 0, there is nothing to show. Otherwise we have Q.(0) = 0 since the queue starts
empty and 0Q.(0) = max{ fF(0) —v,0} > 0 for all times § < & with Q.(0) < 0 from (8).
Thus, we can apply Proposition 2.48 to deduce that the queue is non-negative during [0, )
which, by Proposition 3.12, implies that weak flow conservation holds until £. Moreover, (8) also
implies

8
F 0+ 70) = OFZ (0 + 72) = OF7 (6) ~ 0Qu(0) = £(6) ~ 0Qu(6) < ve
for almost all § < ¢, i.e. that the flow respects capacity until £. Finally, in order to show (9) we
first note that the time 6 := max {6’ < 0| Q.(¢') = 0} is well defined for any fixed § < ¢ since
the queue length function is continuous and starts at 0. As we have Q.(¢) > 0 for all ¢ € (,0)
we then get

0
Fo(0+7.) = FX(6) — Qu(0) = FX(8) — Qu(0) — /0 9Q.(¢)d¢

[’ 6
QR0 -0 [ (170 —w)dc= EFO) - [ 0dc+ 00w
,0 0

=FH0) + (0 — ).
c) = d): First, note that the minimum is well defined since F." is continuous. From (9) we directly
“ Fo(0+7) = FF(0) + (0 = 0)ve = min (F7(0) + (0 = 0')re)
At the same time, respecting capacity and weak flow conservation imply that for every 6’ < 6
we have

0 0
Fr(@+m) = Fo (0 + )+ Fr(C+m)d¢c € Fr (@ ) + | wac
9/

’

CF ) = Q)+ (6— 0. © FHE) =0+ (0 — 0w

€

Together, this shows that (10) holds.

d) = e): Choosing ¢ = 0 in (10) gives us F, (0 +7.) < F."(0), i.e. weak flow conservation. As F
is absolutely continuous, it is differentiable for almost all § and satisfies OF, (04 7.) = f. (0 + 7).
We will show that f. respects the capacity for all those 6: So, fix such a time 6 < & and define
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0 == argming <o (F"(6') + (0 — 0')v.). Then, using (10), we have F. (047,) = F (6)+(0—0)v,
and

FZ(0+e+7)= min (FF@)+(0+e—0).) <FS(0)+ (0+e—0)r.

for any € < £ — 6. Thus, we get

L (Fo(04+e+T1)—F. (0+7))

(0 +T)=0F(0+T1) = lim -
f(0+7) = OF, (0+7.) = lim -

1 R N N A 1
<1 = + N N + B 1 = _
< gl\% 6 (Fe @)+ O+ec—0)v.— (F(0)+ (0 9)1/5)> 3{% EVe = Ve,

i.e. the flow respects the capacity for all 8 < ¢ with 0F; (0 + 7.) = f. (6 + 7.) which is almost
all.

Finally, in order to show (11), take any 6 < & with T.(0) < & + 7. or, equivalently, 6 + QZ—EQ) <&
and observe that for any ¢’ € [0,0 + QTiﬁ) we have
Fr@+ 0 -0 we>F 0)+0—-0)w.=F, (0+7)+Qc(0) + (0 — ),
> F(0+7) + Qe(0) — 20w = F7 (0 + 7).

Together with (10) this gives us

F (0+7)= min (F0)+0-6)v). (12)
Using (10) again, now for 6 + Q;—im, we obtain (11) as follows:

Fo(T.(0) = F (0+ 22 1 7,) = min o () + (0+ %2 — o) w.)
6/ <6+ e®)

= i +/n o
,e,gﬁl@ (FH(0') + (0 — 0')v) + Qc(0)

D E(0+7.) + Q(0) = FS(0).

e) = f): Let 0 < 0 < ¢ be a time with 7,(0) < £ + 7. where flow enters the edge, i.e. where F.

is strictly increasing. Since we have F. (0 + C.(0)) = F. (T.(0)) = F.F(#), we immediately get
C.(0) < C.(0). Now assume for contradiction that C.(6) < Ce(). Due to the continuity of C,
this implies that there exists some 8’ < 6 with C.(0) 4+ 6 < C.(8") + 0'. Using the fact that both

F_ and T, are non-decreasing gives us

FA0) Y Fr(0 +C(0) > Fo(0+Cu(8) > FF(6).

This implies that F" is constant on [#’,6] (since F. is non-decreasing as well) which is a
contradiction to F.© being strictly increasing at 6.

f) = a): By Proposition 3.12 weak flow conservation already implies that the queue starts empty.
So, it remains for us to show that constraint (6) holds. We will do this by following the approach
taken in the second half of the proof of [CCL15, Proposition 1|: We start by defining the set
QFt ={0 <] Qc(0) >0} of all times with non-empty queue. We now have to show that

(i) for almost all € QT we have f; (6 + 7.) = v, and

(ii) for almost all 0 € [0,&) \ QF we have f7 (0 + 7.) = min{ fF (), v, }.
For (ii) we can apply Proposition 2.48 to the queue length function on [0, &) (since we know that
this function is absolutely continuous, the queue starts empty and is non-negative due to weak
flow conservation). Thus, for almost all 6 € [0,£) \ Q" we have

Prop. 2.48c

0 ' 0Qu(6) = OF(0) ~ OF, (6 +7.) = f(0) — 1 0+ 70).
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Together with the fact that the flow respects the edge capacity this implies f (0 +7.) = fF(0) =
min { f;(6), v, } for almost all such 6.

For (i) we denote by W (0) := [6,0 + C.(8) — 7.) the current expected waiting period of particles
entering the queue at any time 6 < £. Furthermore, we define the set

It :={0 < ¢| F[ is strictly increasing at § and T.(6) < & + 7 }

as the set of all points where C,(#) = C.(6) holds according to f).

We will now first show that (i) holds for almost all times in W () for § € I and then that those
W () cover all of Q*. By Proposition 2.15 this suffices to prove that (i) holds for almost all
times in Q7.

Claim 1. For any 0 € I'™ we have f7((+ 7e) — ve = 0 for almost all € W(6).

Proof. For § € I™ we have W(0) C [0,€) and, therefore, f (¢ + 7¢) — ve < 0 holds almost
everywhere on W(O) since the flow respects the capacity until £. Thus, the claim is equivalent to
showing that fW(O T ((+7e) —ved( > 0. Using the definition of C¢ () as well as the assumption

that 06(9) ul C.(0) we can show this as follows:

9+Ce(0) Te
/ (fe_(c+7—e)_”e)d§:/ (fe_(C"'Te)_Ve)dC
W (6) 0

0+C.(0)—Te
/9 £ (¢ 7)dC — (Col8) — Te)ve
F
F

(04 Ce(0) — Fo (04 7) — (Ce(0) — 7e)ve
c(0) - F

v

SO +7) — Ly = Qu(0) — Qe(0) =0.

Claim 2. We have QT C g+ W(0).

Proof. Take any 67 € QT. Since we have T.(0) = 7. < 7. + & as well as T.(07) = 0+ + %ﬁ) +
Te > 01 + 7, and T, is continuous, there exists some 6’ < 8+ with

0" +71. <T.(0) < &+ Te.

For this time 6" we clearly have F.F (") > Q.(¢') > 0 and, thus, Proposition 2.54d) guarantees
the existence of some time 6 < " at which flow entered the edge. Therefore,

0 :=sup {60 <6 | flowenters e at } > —o0

and FiF (A) = FH(0'), again by Proposition 2.54d). Moreover, there exists some 8 < # such that
flow enters edge e at 6 and we have

FF(0) — FF(0) < Qu(0') — (67 — ). (13)

(the latter being possible since F.' is continuous and we chose 6 such that 7 < 6/ + <= ( Q01
See Figure 4 for an overview of how all the different times defined here relate to each other
Note that, in particular, we have T, (0) < T.(0") < & + 7, since the flow respects the capacity
until £ and, therefore, T, is non-decreasing on [0, &) by Proposition 3.16a). This implies 6erIt
and, thus, we have C.(0) = C.(f) by f).

This now implies
FX(0) = FL(0) = (FF0) = FF(0)) = FS(0') = (F.(0) = F(9))

(13)

= Qe(0) + F. (0 +7) — (FF(0) = FL(9)) > Fo (0 +7) + (8% — )
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N

Figure 4: An overview over the different times used in the proof of Claim 2 as well as their relationships
to each other. Note that in general £ could also be to the right of 61 + %fﬂ but the case
shown here is the “more difficult one”. The general idea of the proof is as follows: We want
to find some 6 € I'" such that 67 € W (). As I'" only contains times 6 with 6 + ij—ie) <
(and this might not be the case at §7) we first go to the left until we reach a time ¢’ where
this is the case (but we still have 0% < 6’ + %fl) to ensure that 07 € W (#') is still possible).

As, additionally, 1T only contains times at which there is inflow into e we the go further to
the left until we reach such a point 6 which is very close to the upper bound of such points
6. We then conclude the proof by showing that it is not possible that all flow which had
entered the edge by time 6 has left it by time 67 + 7.

* ot

(
DR @) [ m)dC = Fo0F 47,
9/

ie. F- (04 0% + 1. — 0) < F(6). Here, for (x) we used the fact that the flow respects the
capacity until £ and we have 87 < £. Thus, we have

Co(0) =C.(6) > 0" + 7, — 90,

which implies % < 0 + C,(f) — 7. and, finally 6+ € W (). [ |

Using these two claims together with Proposition 2.15 now directly implies that f (6 + 7.) — ve
vanishes almost everywhere on QT. Thus, the queue operates at capacity until &. O

We can now use these different characterisations to deduce several key properties of the edge
dynamics induced by the Vickrey point queue model:

Uniqueness follows directly from Proposition 3.19d) as every outflow has to satisfy (10). For
existence it remains to show that a function defined by (10) is guaranteed to be a cumulative outflow,
i.e. it is absolutely continuous and non-decreasing. This will be a direct consequence of the following
lemma:

Lemma 3.20. Let g : R>¢9 — R be any continuous non-decreasing function and define

h:Rso— R, 0~ min (g(0")+ (0 —6")))

/SG
for some constant v > 0. Then h is non-decreasing and Lipschitz-continuous.

Proof. First, note that h is well-defined as g is continuous and [0, 6] is compact for any 6 € R>.
We now show that h is non-decreasing: For any a < b we have

h(b) = min (g(¢') + (b — 6')v) = min { 5111%% (g(0") + (b—0"w) 79/12[%,1};] (g(0") + (b—0"w) }

> min{ min (g(0') + (a — 0')v), min g(¢') } v min{ min (g(0) + (a — 0')), ga) + (a — a)v }

0'<a 0’ €la,b] 0'<a

— min (g(6') + (a — 0')) = h(a),

0'<a
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where (x) holds since g is non-decreasing.
Now, using this monotonicity of h we can show Lipschitz-continuity as follows: Again, take a < b
and choose 6, € [0, a] such that h(a) = g(0,) + (a — 0,)v. Then we have

[h(b) = h(a)| = h(b) — h(a) = min (9(8") + (b= 6")v) = (9(0a) + (a = 0a)v)

<g0a)+ (b—0)v—g0,) —(a—0)v=(b—a)yv=v|b—al. O

Corollary 3.21. For any locally integrable function gt : R>¢g — Rxq there exists a locally integrable
function g2 : R>¢ — Rxq such that (91, g.) is an edge flow that operates at capacity.

Furthermore, if (f, f7) and (g7, g.) are two edge flows operating at capacity until & € Rzo and
&' < € some time with T.(¢') > £ + 7. then

fe+|[07€/) —a.e. g:|[07€/) — f‘;|[0,§+7'e) —a.e. g;|[07§+7_8) .

Proof. For the first part, we define G : R>g — R>q,6 — foe gF (¢)d¢ which is a well defined absolutely
continuous non-decreasing function. We then define another function G_ : R>9 — R>¢ by setting

0, if 0 <7,
ming/gg_Te (Gj (9/) + (0 — 0,)’/@) , else '

By Lemma 3.20 and the fact that G (0) = 0 this function is absolutely continuous and non-decreasing.
Thus, it has a locally integrable derivative g; (0) := 0G; (#) almost everywhere. Hence, (g, g ) is an
anonymous edge flow that clearly satisfies Proposition 3.19d) and, therefore, operates at capacity.
For the second part we first note that we have F.F(8) = GT(0) for all § € [0,£') and, thus,
Proposition 3.19d) implies F;(6) = G- () for all § € [0,&' + 7). Now, for all times 6 € [¢’, ) we have

@)z ale) - | i S ole) - 0o
>QUE) - (€= Ewe=ve (§+ % 1 —g—7) =ve (T/E) = (€ +72)) 20
and, with the same proof, Q9(0) > 0. Thus, we have
0=max {0 <6|QL(0') =0} =max {0 <0[QI0)=0} <&
and, therefore, Proposition 3.19¢) implies

Prop. 3.19¢)

Fo0+m) FF(0) + (0 — O)ve = GL( 5),, TToP_3-19)

GZ(0+7.)
for all such 6 € [¢/,€). O

For the case of right-constant inflow rates Proposition 3.19¢) even allows us to explicitly describe
the corresponding outflow rate for an edge flow operating at capacity (see Figure 5 for a visual
representation of this proposition):

Proposition 3.22. Let (fF, f;7) be an edge flow operating at capacity until £ and 0 < a < b < ¢
times with To(b) < &+ 7e. If fI is constant on [a,b) then f. is right-constant on [T.(a), T.(b)) with
at most one jump. More precisely:

e If Qc(a) =0 or fF(a) > v, then

Q.(0) = Qc(a) + (0 — a) max { £ (a) — v.,0} for all 0 € [a,b) and
fo(9) =min { £ (a), v. } for all 0 € [Te(a), Te(D)).
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e IfQc(a) >0 and fF(a) < ve then

Q.(0) _ Qe(a)+ (0 —a)(fF(a) —ve)  forall € [a,c) nd
‘ 0 for all 6 € [c,b)
£7(0) _ Ve for all 0 € [Te(a),Te(c))
€ fF(a) for all 6 € [T.(c), T.(b))
where ¢ ;== min{ a + ufef(efza) ,b} is the break point of the queue length function.
f&
f&(a) +(a) |
Ve | J oo | f
fe&
Q.
7.0 T LW@e T b .0
0

Figure 5: Visualization for the outflow rate of an edge with queue operating at capacity for a constant
inflow rate according to the two cases in Proposition 3.22.

Proof. We show this by a case distinction on whether the queue is empty or not at time a and whether
the inflow rate is smaller or larger than the capacity. In each case we first show during which parts of
the relevant time interval the queue can or cannot be empty which allows us to derive the outflow
rate from Proposition 3.19¢). This then, in turn, gives us the exact form of the queue length function.

1. Case: Q.(a) =0, fF(a) < ve: Here, for any 6 € [a,b) we have
f:=max{0 <0|Q.(0)=0}>a
and, thus,
Qu(6) = F(0) = FZ (6 +7.) & FX(0) = (FX(0)+ (0 - O)we)

0 6
= [ 520dc- -0 < [ vaac- @ =0
[ [

This already shows Qc(0) =0 = Qc(a) + (0 — a) - max { fF(a) — v.,0} for all § € [a,b) as well
as T.(a) = a+ 7. and T.(b) = b + .

Using Proposition 3.19¢) once more, this gives us
© ?
FoO+7) QR0 = Fr @)+ [ 51O = B @)+ (0 - a)f} @)

for all 6 € [a,b) and, therefore, f; (0 +7.) = OF, (0 + 7.) = f.} (a) = min{ f.F (a),v — e} for
almost all 6 € [a, b).
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2. Case: Q.(a) =0, f(a) > ve: For any 6 € (a,b) we have

2] 2 4
Q.0) = Q)+ [ £r@ac— [ gric+ma Y04 (0 a)fF (@) — (0 — awe > 0.

Furthermore, for any 6 € [b,T.(b) — 7.) we also have

6 @
Qu(6) > Qu(b) — / Fo (€ 7)AC 2 Qulb) — (0 b,

> Qulb) — (1) — o — bve = Qu(t) — 2y, — .

Ve
Thus, we have § = a for all § € [a, T.(b) — 7). Hence, we can apply Proposition 3.19¢) to obtain

Fo0+7) 2 Ff () + (0 —a.
for all € [a,T.(b) — 7.) and, therefore, f. (6 + 7.) = OF, (0 + 7e) = Ve = min{ fF (a),v — e}
for almost all 0 € [a,Te(b) — 7¢) 2 [Te(a) — Te, Te(b) — 7e).

3. Case: Q.(a) > 0, f(a) > ve: For any 0 € (a,b) we have

0 0
Qu(60) = Qu(a) + / FH(O)de — / F (¢t r)de
Y Qula) + (09— a)fF (@) — (0 — awe > Qula) > 0.

Furthermore, for any 6 € [b, Te.(b)
previous case. Thus, we have 6 =
apply Proposition 3.19¢) to get

— 7.) we also have Q.(6) > 0 by the same proof as in the
a < aforall @ e a,T.(b) —7.). We can now, once more,

®

F - (0+7.) = F'(a)+(0—a)v.

for all € [a,T.(b) — ) and, therefore, f. (6 + 7.) = OF, (0 + 7¢) = ve = min{ fF (a),v — e}
for almost all 6 € [a, Te(b) — 7e) 2 [Te(a) — 7e, Te(b) — 7e).

4. Case: Q.(a) > 0, fF(a) < ve: For any 0 € [a,c) we have
0 0
Q0) = Q@)+ [ £~ [ 1 ¢+

(é) Qc(a) + (0 —a)fF(a) — (0 — a)ve = Qc(a) > 0.

As in previous cases we also get Q.(0) > 0 for all 0 € [¢,T.(c) — 7). Thus, we have § = a < a
for all 8 € [a,T.(c) — 7). Applying Proposition 3.19¢) then gives us

Fo(0+7) 2 Ff @)+ (0 -aw
for all 0 € [a,T.(c) — 7.) and, therefore, f, (0 + 7.) = OF. (0 + T.) = v, for almost all
0 € la,T.(c) — 7). If ¢ =b we are done. Otherwise, we have
Q) = Qula)+ [ 11 [ £+ 7 = Qula) + (e~ ) @)~ (c— e

= Qula) + (e~ (@) = v0) = Qula) + 25D () =) = .

Thus, for the remaining interval [¢,b) we can just apply case 1 in order to obtain f; (6 + 7.) =
X (e) = fF(a) for almost all 0 € [¢, Te(b) — 1) = [Te(c) — Te, Te(b) — 7).
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Finally, we see that in all cases the queue length function has exactly the form given in the proposition
on [a,b). O

A consequence of Proposition 3.19d) is that flow dynamics of an edge flow with a queue operating
at capacity are monotone in the following sense:

Corollary 3.23. Let f.,ge be two edge flows with queues operating at capacity until some time
€ € R>q and satisfying F.F(0) < GF(0) for all 0 < £. Then they also satisfy F. (0 +7.) < G (0 + 7¢)
for all 0 < &.

Proof. This essentially follows from Proposition 3.19d) by a direct computation: For any 6 < & choose
0 < 0 such that G2 (0 + 7.) = G (0) + (6 — 0)v.. Then we have

Prop. 3.19d)
= m

F(0+7) in (F.5(0)) + (0 — 0)v.) < FF(0)+ (0 0)ve

0/<6
<GHO)+ (0 —0)ve =G (0+ 1) O

Finally, Proposition 3.19¢) gives us an upper bound on how long it can take for flow on an edge
with a queue operating at capacity to leave that edge. Namely, all flow that has entered the edge by
some time 6 will have left the edge by time T, (). However, we can also use Proposition 3.19 to derive
a finer upper bound which also provides us a lower bound on how much of this flow has left the edge
at any time between 6 + 7. and T,(6).

Corollary 3.24. For any edge flow f. operating at capacity until some time £, any time 0 < £ and
all values x € [0, F2(0)] with 6 + £ < & we have

e

Fr (9 +E Te) —F(0) > .

Intuitive explanation: This corollary can be read as stating that the following is the worst
possible case for upper bounding the time it can take before flow currently on an edge actually
leaves the edge: At time 6 all flow currently on edge e is actually in its queue. Since the queue
operates at capacity, this flow will then immediately start to leave the queue at a rate of v, and
start to leave the edge 7. time units later at the same rate.

And while it is not possible to actually achieve this worst case (since that would require all
flow to enter the edge at once at time 6), it still shows that the bound given here is tight unless
we have any bounds on the rate at which flow starts at the tail node of edge e.

Proof. We distinguish two cases:

1. Case: © > Q.(0): Here we can first use the monotonicity of F and then directly apply
Proposition 3.19¢) to obtain

F 0+ 2 +7) 2 Fy(0+ %0 +7,) = F (1.0) 2 FH0).
This then implies
Fo(0+ 2 +7) - F (0) > F(0) - F,(0) = F2(0) > .

€ €

2. Case: ¢ < Q.(0): Since the queue operates at capacity, Proposition 3.19b) implies that 9Q). is
lower bound by —v, which gives us

Qc(¥) > Qec(0) —ve(¥—0) > Q.(0) —x >0
for all ¥ € [0,6 + Vle) This implies f; (¥ 4 7.) = v, for almost all such ¢ and, thus,

0+
JTW+i+%%J§W+m+/ FCH A= Fr (@) + v
0

Ve
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From this, using the monotonicity of F_ ", we immediately get

Fe—(9+§e+re>—p—(e)zFe—(9+Te)+Vﬁ-y€—F—(e>zx. O

(& €
e

Note, that we will not show any continuity property of edge flows here since the proof would just be
exactly the same as the one for showing continuity in the multi-commodity setting (see Corollaries 3.45
and 3.46).

3.1.2. Multi-Commodity Edge Flows

We now introduce an edge flow wherein not all particles are interchangeable with each other. Instead
we are given a finite set of commodities I and every particle belongs to exactly one of these commodities.
Particles of the same commodity are still indistinguishable from each other but particles from different
commodities can be distinguished. Formally, such a multi-commodity edge flow is then given by one
edge inflow rate and one edge outflow rate for each commodity:

Definition 3.25. Let I be a finite set of commodities and e an edge with associated travel time
Te > 0 and capacity v > 0. Then a (multi-commodity) edge flow on this edge consists of

e avector (f)ier € Li.(R>0,R>0)" where f.;(6) is the (edge) inflow rate of commodity i € I

loc
into edge e at time 6 and

e a vector (f.,)ier € L (R>0,R>0)! where fi(0) is the (edge) outflow rate of commodity

1 € I into edge e at time 6.

In the same way as for anonymous flows we can again define cumulative versions of those flow rates
by setting

] ]
FH(9) = +(O)d¢ and F~.(0) :== —(O)d
(0) / J7(Q)dC and F(0) / s

for all i € I and # € R>(. Additionally, we also define the commodity specific edge load by
F2(0) = FL(0) — F,(0).

Proposition 3.26. The commodity-specific cumulative in- and outflow functions are non-decreasing,
absolutely continuous and satisfy

8F;'i(9) = f:—z(e) and 6Fe_,i(0) = fe_l(e)
for almost all 6 € R>.
Proof. As in the case of anonymous edge flows, this follows directly from Proposition 2.49. O

Also note that any multi-commodity flow has an associated anonymous flow obtained by summing
the in- and outflow rates for all commodities.

Definition 3.27. For any multi-commodity edge flow (f;'z, f::l) we define its associated anonymous
edge flow (fF, f7) by setting

f;' = Z ; and f. = Z it
icl il

Observation 3.28. For the corresponding cumulative versions of both multi-commodity and anonymous
edge flow we clearly have the same relation, i.e.

Fr=NFf, F =Y F, and F*=) FA.
iel i€l i€l
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This way we can transfer all definitions for anonymous edge flows (i.e. objects like queue length or
exit time but also properties like working at capacity or weak flow conservation) to multi-commodity
edge flows. Hence, whenever we refer to the queue length of a multi-commodity edge flow, what we
mean is the queue length of its associated anonymous edge flow.

From now on we will use the short form “edge flow” to refer to a multi-commodity edge flow.
Whenever the set of commodities is a singleton (i.e. I = {x}) we will call such an edge-flow a
single-commodity edge flow (and will then not distinguish between (f",, fZ,) and (f, f)).

We can now define flow conservation as well as expected travel time for multi-commodity flows in
essentially the same way as for anonymous flows.

Definition 3.29. We say that an edge flow satisfies weak flow conservation for commodity ¢
until £ € R>q if

F(0+7e) < F(0) for all § < €. (14)
and strong flow conservation until ¢ if
F;i(ﬂ + 7)) = Fe"'z(ﬂ) for all 8 < €.

Observation 3.30. If an edge flow satisfies weak /strong flow conservation for every commodity i € T
until £ then its associated anonymous edge flow satisfies weak/strong flow conservation until £ as well.
The other direction clearly does not hold, i.e. if we only require weak/strong flow conservation for the
associated anonymous edge flow, this still allows particles to switch their commodity while travelling
along an edge.

Definition 3.31. We say that flow of commodity i enters edge ¢ at time 0 if F; is strictly
increasing at 6, i.e. if for all #’ < 6 we have F:i(ﬁ’) < Fjl(ﬁ)

Definition 3.32. For any edge flow (f:_,f;_) we define the commodity specific experienced
current travel time of commodity ¢ on this edge for all times 6 at which flow of commodity 7 enters
edge e by

Cei(0) =inf{¢{ > 0| F,(0+¢)>Fl(0)}.

Observation 3.33. Whenever flow of some commodity ¢ € I enters edge e at time 6 then flow enters
edge e at time 6 (i.e. in the sense of the definition for anonymous edge flows). Conversely, whenever
flow enters edge e then there must be some commodity such that flow of this commodity enters at
that time.

A new aspect of multi-commodity flows is that particles of different commodities could experience
congestion differently. For example it could be that in case of congestion particles of a specific
commodity get priority over particles of other commodities. In particular, for a multi-commodity
edge flow operating at capacity its (commodity-specific) outflow rates are not necessarily uniquely
determined by its inflow rates (in contrast to the anonymous outflow rate which is uniquely determined
according to Corollary 3.21). This is true, even if we additionally require weak flow conservation for
every commodity (i.e. prevent particles from switching their commodity while on an edge):

Example 3.34. Consider an edge with capacity and free flow travel time 1. Then inflow rates
of f:l = f;FQ = 1jo,1) and outflow rates of f,; = 13 9 and f;fz = 13,3 (cf. Figure 6) define a
2-commodity edge flow ( f(j .» fe..) wherein the particles of commodity 1 overtake those of commodity 2
while waiting in the queue, while still satisfying weak flow conservation for each of the two commodities
and its queue operating at capacity.

Defining outflow rates of g, ; = g, 5 = % <11 3) gives us an alternative edge flow (fj,ge_) without
such overtaking but also satisfying weak flow conservation and with its queue operating at capacity.

Therefore, we will impose a stronger condition on the queues, namely that they operate fairly. That
is, whenever particles enter an edge in a certain proportion between different commodities, they will
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Figure 6: A 2-commodity flow with overtaking (top) and without overtaking (bottom).

also leave the queue (or equivalently the edge) in this same proportion. Intuitively, we would then like
to write this fairness condition as

fratey = 120

fE@)
where ¢ is “the” time where flow entered edge e in order to leave at time 6. This definition, however,
has two problems: First, even for edge flows with queue operating at capacity, there might be multiple
times leading to the same exit time (e.g. Example 3.17) and, second, the above constraint is only well
defined if f(9) # 0 holds. The former problem can be solved by choosing a more specific entrance
time ¥, e.g. the earliest or latest time with exit-time 6. A priori, these choices seem to lead to different
fairness definitions: However, as noted by Markl in [Mar21, Remark 3.3], for flows respecting capacity
these definitions do turn out to be equivalent for almost all § € Rx>.

Proposition 3.35. If an edge flow respects the capacity and satisfies weak flow conservation until &,
then for almost all 0 € [1.,& + 7.) we have

min {9 [ Te(J) =0} =min{J [ Te(¥) 2 0} =max{J < {|Te(¥) <0} =max{d < |T(9) =6}.
In particular, for almost all 0 € [1c,& + 7c) there exists a unique time ¥ < & with T,(9) = 0.

Proof. Weak flow conservation gives us T,(0) = 7. and T.(§) > £ + 7. Since T, is continuous, this
implies [7e,& + Te) C Te([0,€)). Thus, every time 6 € [7.,& + 7.) has at least one preimage in [0, )
and all maxima and minima in the above statement are attained.

Furthermore, T, is non-decreasing on [0, &) by Proposition 3.16a) (as it respects capacity until &).
Thus, Proposition 2.10b) implies that almost all § € [r.,£ + 7.) have a unique preimage in [0,&). O

For our second problem, it turns out that, if the queue operates at capacity, then for almost all
times @ with f(J) = 0 we already have f; (f) = 0 as well. Thus, we may just set f_;(6) = 0 for all
these times and still have ) ,; f.(0) = fZ (0) for almost all 6.

Proposition 3.36. Let f. be an edge flow with queue operating at capacity until some time & € Rzo-
Then for almost all 6 € [1c,& + 7c) the edge flow satisfies

(30:T.(9) = 0N fF(0)=0) = f(0)=0.
Proof. Define by

N = {9 €[0,8) | Te(V) <&+, fF(9) =0 # fo (T.(9)) }
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the set of all preimages of points where the statement of the proposition does not hold. Since T, is
non-decreasing on [0, &) (by Proposition 3.16a)) and F, is absolutely continuous, we can apply the
chain rule (Proposition 2.51) to (11) to get

Je (T(9)) - 0Te(9) = (OF )(Te(9)) - OTe(9) = O(Fy o Te)(9) = OF (¥) = [ (V)

€

which implies that we have 9T, (¢) = 0 for almost all ¥ € N. Sard’s Theorem (Proposition 2.10a))
and the fact that T, maps null sets to null sets (cf. Proposition 2.47b)) then imply that the set

To(N)={0 € [re,6+7) | 30 €[0,€) : T.(9) = 0 and fF(¥) =0# f-(0)}

is a null set. Together with the fact that almost all times # have a unique preimage under T,
(Proposition 3.35) this shows the proposition. O

We can now define our fairness condition for multi-commodity edge flows as follows:

Definition 3.37. Let ( : i, e_,i)iel be an edge flow such that its associated anonymous edge flow

respects the capacity and satisfies weak flow conservation until £ € Rzo- We then say that the queue
on edge e operates fair until ¢ if for all commodities ¢ € I we have

- IO ey
foi0+7) = fo0+7e) GGy, Hf0)>

0, else

0 for almost all 6 < &, (15)

where 9 is chosen such that T.(9) = 6 + 7.

Note, that this constraint is really well defined: Proposition 3.35 ensures that it does not depend on
the choice of ¥ while the fact that T, is an absolutely continuous function and, therefore, maps null
sets to null sets (cf. Proposition 2.47b)), implies that it is unaffected by any change of ( f;“ i foi)ier on
some set of measure zero. l

Definition 3.38. An edge flow (f:i7f;i)i€] is a Vickrey edge flow until ¢ € Rzo if its queue
operates at capacity and fair until &.

Observation 3.39. Proposition 3.36 implies that the queue of a single-commodity edge flow automatically
operates fairly if it operates at capacity.

We provide two alternative characterisations for when a queue operates at capacity and fair.
+

e,

Proposition 3.40. For any edge flow (
equivalent:

a) (f;i,f;i)iej is a Vickrey edge flow until €.

f;i)iej and time £ € Rzo the following properties are

b) The associated anonymous flow respects the capacity and satisfies weak flow conservation until &
and we have

Fo(Te(9)) = F:’l(ﬁ) for all 6 < & with T.(0) < &+ 7. and all i € I. (16)

¢) The associated anonymous flow respects the capacity and satisfies weak flow conservation until £

and for every 0 < £ with T.(0) < £ + 7. where C’eyi(ﬁ) is defined we have CA’QJ-(H) = C.(0).

Proof. a) = b): Since the queue operates at capacity until £, Proposition 3.19 already shows that
the associated anonymous flow respects capacity and satisfies weak flow conservation until .
As T, is continuous and non-decreasing on [0,¢] by Proposition 3.16a) and satisfies both
T.(0) = 7. and T,(§) > £ + 7. (since the flow satisfies weak flow conservation), there exists some
E=min{0 <E|T.(0) =&+ 7.} We now have to show (16) for all § < €. For that, we fix
some representative of f. and define new outflow functions g, ; by setting

FoT) - 28 f () > 0 and [T7H(TL(0)] =1

9e.i(Te(V)) =
0, else

(17)

for ¥ < £ and 9. ;(0) = 0 for all other times.
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Claim 3. This functions satisfies g; .(0) = fo;(0) for almost all 6 € [0,€ +7.) and all i € I.
Proof. As the queue starts empty and T, is non-decreasing on [0, £), we have T (9) > 7. for all
¥ < § and, therefore, g_,(0) = 0 for all § < 7.. At the same time the queue starting empty also
implies f; (0) = 0 for almost all 6 < 7.

For the interval [7,, & + 7.) Proposition 3.35 implies that it suffices to only consider those times

0 € [1e,& + 7.) with a unique time ¥ < ¢ satisfying T,.(9) = 6. For almost all those 6 we indeed
have

- £, - FATICOI
15 ) fe(0)- 4((19; = fo (Te(9)) - 714((19)), it fH(@) >0
0, it f(9) =0

since the queue operates fair until &. |

With this claim we now get

T.(0) Te(0) Te(0)
Fo(T(0)) = /0 foi(0)dc O /0 g7 (Q)d¢ = / 07O

2 [y om0u ? [ iom=r0)

for all < €. At () we used the change of variable formula (Proposition 2.53) while for (#) it
remains to show that

9e4(Te(C)) - 0Te(¢) = f5:(C) (18)

holds for almost all ¢ € [0,6]. To do that we partition the interval [0, 6] into the following four
sets:

e N:={(€l0,0]| F.} or T, is not differentiable at ¢ or OF."(¢) # f(¢) },
o My ={Ce[0,0]\ N ||T/ (Te(¢))] > 1},

o My = {CE0,6)\ N | T (1) = {¢} and OFH(C) = £+(C) > 0} and
o My={Ce[0,0]\N| T, (Te(¢)) = {¢} and OF}(C) = fF(() =0}

Since F.t and T, and absolutely continuous, the set N has measure zero. Thus, it suffices to
show (18) for almost all ¢ € My U My U M.

1. Case: ¢ € Mj: For those times ¢ we must have 9T.(¢) =
According to Proposition 3.16b) this then implies f(¢)
we have

since T, is non-decreasing).

0(
= 0 (almost always) and, thus,

9ei(Te(€)) - OTe(¢) = g ;(Te(€)) - 0= 0 = f;(<).

2. Case: ¢ € Mj;: For (almost all) such times we have

D - Q) @)y i)y
ge z( (C)) aT (C) fe (Te(C)) fe+(<) aTe(C) — Je (C) f(j_(c) 7fe7i(<)

where (A) holds since differentiating (11) together with the chain rule gives us f, (T.(())-
T(C) = £ (0).
3. Case: ¢ € Mj3: For (almost) all such times we have

9ea(T(0) - 0T(Q) "2 0 = £1(Q) = £(0) = 0

and, therefore g_,(Te(C)) - T.(¢) = 0 = f7,(C).
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b) = a): We first observe that (16) implies (11) for the associated anonymous flow and, thus,
the queue operates at capacity until £ by Proposition 3.19. Moreover, Proposition 3.36 then
implies that for almost all 6 € [0,€) and all ¥ with T.(9) = 6 + 7. and f}(J) = 0 we have
fei(@+7e) < fo(0+7) =0. In particular, (15) holds for almost all such 6.

Thus, it suffices to consider only those 6 with a corresponding 9 such that fF(J) > 0 (and
T.(9) =0+ 7).

We define the set
N = {9 <¢|T. is not differentiable at ¢ or Ji € I : 8Fj1(19) # jl(ﬁ) }

which has measure zero. Since T, is absolutely continuous, the set T, (V) also has measure zero.
The same is then true for the set

N'=TN)U{ 0|3 € I:0F (0 +7.) # [o;(6+7) }

Thus, it suffices to only consider # which additionally are not in N’. For such § we can
differentiate (11) to obtain

fo (Te(9)) - 9Te(9) = f"(9).

Since the right hand side is strictly positive, all terms are non-zero and we can rearrange this to
get

T () = ————. (19)
Similarly, differentiating (16) gives

fe_,i(Te(ﬂ)) 0T (9) = y (0)

which, together with (19), implies

- [ (0) +
(Te(V))  ———— = f, (V).
fe,z( ( )) fe (Te('ﬁ)) s ( )
Using f.F(9) > 0 we can rearrange this one last time to obtain
_ . iy JO(T@) Jei®)
feil0+7e) = foi(Te(9)) = f(9) FO) fe (0+72)) 20

which is exactly what we had to show.

b) = c¢): We can show this in exactly the same way as Proposition 3.19¢) = f): Take any time
0 <0 < ¢ with T, () < £ + 7. such that flow of commodity i enters at time 6 (i.e. sz is
strictly increasing at #). Then, (16) directly implies CA’W-(Q) < C.(0). Now, we assume for
contradiction, that we have C, ;(#) < C.(6). Since C. is continuous there exists some 6’ <
with 6 + C.;(0) < O + Co(8'). As F_, is non-decreasing this gives us

FH0) 2 FL 0+ Co0) > F(0+ Ces(6)) > FH(6),

e,

+

This now implies f,";(¢) = 0 for almost all ¢ € [¢", 0] which, according to Proposition 2.54a), is a

contradiction to flow of commodity 7 entering at time 6.

c) = b): By way of contradiction we assume that (16) does not hold, i.e. there exists some commodity
i and some 0 < € with T¢(0) < {+7, such that either F_;(T(0)) < FJZ(G) or F_,(Te(9)) > F:Z(H)
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1. Case: F_,;(T.(0)) < F;;(a) Since both sides of the inequality are continuous in 6 and
equality holds for # = 0 due to weak flow conservation, there must be some proper
interval (a,b) C [0,§) such that F_;(T.(a)) = F:i(a) and F_,(Te(0)) < F;Z(G) for all
0 € (a,b). This implies that F"; is constant on (a,b) as otherwise Proposition 2.54d)
would guarantee the existence of some 6 € (a,b) at which flow enters the edge and, thus
¢) would imply

Fe(Te(0)) = Fi(0 + Ce(0)) = F_;(0 + Cei(0)) > F15(0).

e,:

Thus, for any 6 € (a,b) we have

Fe,i

(Te(0)) < F.f5(0) = Fi(a) = F_;(Te(a)).

e,

As F_, is non-decreasing, this implies

0+ —Qie) +7e=T.(0) <T.(a) =a+ —Qiia) + T (20)

and, thus, using the fact that F.' is constant on (a,b) and the (aggregated) flow respects
the capacity we get

V(6 — ) < Qula) — Qu(B) = FH(a) — FF () + F (B +7) — F (a+ )

0
=o+/ £ (¢ Qe < ve(8 — a),

which is a contradiction.

2. Case: F_,(T.(9)) > F:i(a): For the second case we can now assume that F_(T.(6)) >
F e+ ;(0) holds for all commodities i and all times 6 < &. If then, additionally, we have
F(T.(0)) > F,(0) for some i € I and 0 < ¢ with T.(0) < & + 7., we must also have
ng (T(9)) > Fj (0). Since the flow satisfies weak flow conservation and respects the
capacity, this is a contradiction to Proposition 3.16c¢). O

Remark 3.41. We note that the alternative outflow rates g ; constructed in the proof of Proposi-
tion 3.40a) = b) satisfy the following ‘stronger’ version of our fairness condition (15):

oy = LIS TO) - i) >0

) for almost all 6. (21)
0, else

In [HFY13, (4.19)] this equation is used as the defining constraint for queues operating fairly. Note,
however, that, in contrast to constraint (15), constraint (21) is not indifferent to changes on a set
of measure zero. Namely, if there is a proper interval [a, b] such that T, is constant on [a,b] then
changing only the single value of f_;(7.(a)) leads to a violation of constraint (21).

Nevertheless, we observe the following connection between the two constraints (15) and (21): Given
functions (not equivalence classes!) f;’ ; and f, . If they satisfy constraint (21) then they also satisfy

constraint (15). If they satisfy constraint (15), then there exist alternative representatives g_; of f_;
(i.e. functions which are equal almost everywhere) that satisfy constraint (21) together with sz

We now use Propositions 3.19 and 3.40 to deduce several useful properties of Vickrey edge flows.
We start by observing that every Vickrey edge flow automatically satisfies weak flow conservation for
every commodity:

Corollary 3.42. Let (f1, f.) be a Vickrey edge flow until . Then (f., f...) satisfies weak flow
conservation for every commodity until €.
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Proof. Take any commodity 7 € I and time 6 < £. Since the associated anonymous flow satisfies weak
flow conservation, there exists some ¥ < 6 with T,(¢) = 0 + 7. < £ + 7.. Proposition 3.40b) then
implies

16
FL(0+7.) = FL(T.0) =

+ +
e, F (19) S Fe,i(9>' O
Next, we show that — as in the case of anonymous edge flows — the commodity-specific inflow
rates completely determine the commodity-specific outflow rates. This is formalised in the following

corollary which is the multi-commodity analogue to Corollary 3.21:

Corollary 3.43. For any tuple of locally integrable functions (9:1 :R>o = Rx)ier there exists a
tuple of locally integrable functions (9;1 :Rso = R>0)ier such that (9:,1‘79;1) is a Vickrey edge flow.

Furthermore, if (fjl,f;) and (g;,g;i) are two Vickrey edge flows until € € Rso and & < & some
time with TS (&) > € + 7. then

(Viel: f5; ) = (Viel: f7]

JF _ —
[0,67) Tae. ge,i|[o,5f) [0,64+7.) @& ge,i|[0,5+rc))’

Proof. Since gf =3, cr 9;‘ is also locally integrable, Corollary 3.21 already implies that there exists a
(locally integrable) function g; : R>o — R>g such that (g, g ) is an anonymous edge flow operating
at capacity. Then, Proposition 3.35 implies that for the corresponding exit time function T, and
almost all times 0 € [7¢, 00) there is a unique time ¥ € R>o with 7, () = 6. Thus, we can define g,
using (15) (and setting g, ;(f) = 0 for all § < 7.) to obtain a Vickrey edge flow (g:)i,g;i).

For uniqueness we already have f.° |[0,£ tro) =ae. 9o \[0’ ¢+r,) from Corollary 3.21. This, in particular,
implies T (9) = T9(¥9) for all ¥ < & with TS (9) < £ + 7.. Now, for almost every 6 € [r.,& + 7¢)
Proposition 3.35 implies that there exists a unique ¥ € [0, &) with 8 = T (). Since T (¢') > & + 7. >
0 = TS (9) and T/ is non-decreasing on [0, &) by Proposition 3.16a), we have ¥ < & and, therefore,
TI9(9) = TS (9). Thus, Proposition 3.40b) gives us

F_i(0) = F_(T{(9)) = F(0) = G,(0) = G_,(T2(9)) = G, (0)

e,i e,

for all such 6 € [7¢,£ + 7). Since both F,, and G_ . are continuous, this already implies that they
are equal on [T, § + 7). Equality on [0, Te) follows dlrectly from the definition of cumulative outflow
functions. u

For the case of right-constant inflow rates we can, again, describe the corresponding outflow rates
of a Vickrey edge flow more explicitly:

Corollary 3.44. Let ( eZ,fe ) be a Vickrey edge flow until & and 0 < a < b < & times with

Te(b) < &4 7e. If all f7; are constant on [a,b) then all f; are right-constant on [T, (a ) T.(b)) with at
most one (common) jump. More precisely,

e If Qc(a) =0 or f(a) > v, then

f;i(a)’/e
max { f (a),v. }

e IfQc(a) >0 and f}(a) < v then

foi(0) = for all 0 € [T.(a), Te(D)).

0, for all 0 € [T.(a),T.(b)) if fF(a)=0
120) = $ 10 for it € [T (a), Tu(e) if £ (a) > 0
Si(a)  for all 6 € [To(c), Tu(b)) if f3(a) >0

where ¢ == min { a + Qef(f)a) b}

Proof. First, note that for any time 6 € [T,(a), T.(b)) there exists some time 9 € [a,b) with T.(J) = 6.
We now continue with a case distinction:
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1. Case: fF(a) = 0: Here, (15) already ensures that f. () = 0 for almost all § € [T.(a), T.(D)).

)
Since we also have f.",(a) < f(a) =0 for all i € I, this shows that the outflow has the form
stated in the corollary

2. Case: Q.(a) > 0and 0 < fl(a) < ve: Using Proposition 3.22 and (15) we get

+ +
_ (15) ,_ e i(ﬁ) Prop. 3.22 fe i(a)
(0) = 0) — = Ve —
fa® 2 170 D
for almost all § € [T.(a),T.(c)) and
_ (15) ,._ f:i(ﬁ) Prop. 3.22 ::i(a') o
fe,i(a) fe (0) fé‘_(’ﬂ) - f:(a) fj(a) - e,z’(a)

for almost all 0 € [T.(c), Te(b)).

3. Case: f1(a) > 0and Qc.(a) =0 or ft(a) > ve: Again, using Proposition 3.22 and (15)

gives us
(15) f+i(19) Prop. 3:22 ¢ ey f;_i(a) — in f+ (a)ve
f () f () fj(ﬂ) - {fe()’ e} feJr(a) {fez( )7 fe()
_ min{ f:i(a)’/e f;i(a)ye } _ f;i(a)ye
ve ' f&(a) max { ve, fe" (a) }
for almost all 6 € [T.(a), Te(b)). O

Next, we show two continuity properties of Vickrey edge flows: Namely, that the mapping from
edge flow to current travel time is weak-strong continuous and the mapping from inflow to outflow
rates is weak-strong continuous, provided that the inflow rates are locally p-integrable (instead of just
locally integrable):

Corollary 3.45. For any p > 1 and any (finite!) £ € R>o the mapping
LP([0,€], R0)" x LP([0,€ + 7], Rxo)" — C([0,€), (f7., £2.) = Cf

is sequentially weak-strong continuous, i.e. it maps weakly convergent sequences to uniformly converging
sequences. Here, we use the natural extension of the definition of the current travel time function C’g
to “flows” which are only defined up to time &.

Proof. Let (f6 , 67 _)nGN* be a weakly convergent sequence in LP([0,&],R>0)! x LP([0,€ +
7.],R>0)!. According to Proposition 2.50 the sequence (Fe(f)’+,Fe(f)’7)neN* then converges uni-
formly. The corresponding sequence of current travel times (Cf o Jnen+ then converges uniformly as
well as linear combination of uniformly convergent sequences. O

Corollary 3.46. For any p > 1 and any £ € R>o the mapping

(I)g : Lp([ovﬂvRZO)I — Lp([07£+76]7R2())17
I — fo. s.th. (f5, f.) extended by 0 is a Vickrey edge flow until &

1s sequentially weak-weak continuous, i.e. it maps weakly convergent sequences to weakly convergent
sequences.

Proof. We first note, that this mapping is well-defined by Corollary 3.43, i.e. there exists a unique family
of outflow rates for any given family of inflow rates. Moreover, these outflow rates are p-integrable as
they are measurable and bounded (cf. Proposition 2.14).
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Now, in order to show that ®¢ is sequentially weak-weak continuous, take any weakly convergent
sequence (fe(f)’Jr)neN* € (LP([0,€],R>0)")N" with limit point fd e LP([0,¢],R>0)! and let

Zfz/ <ae. Ve }

MW= (i € { £ e LP((0,€ + 7o), Rso)
=y

be the corresponding sequence of outflow rates. We have to show that this sequence of outflow rates
then weakly converges to fo, := ®5(f."). Since the set on the right is clearly convex, bounded and
strongly closed, it is also sequentially weakly compact (by Propositions 2.35, 2.40 and 2.41). Thus,
we can apply Proposition 2.25, i.e. it suffices to show that any weakly convergent subsequence of the
given sequence of outflow rates converges to f, .

So, let (fe(f’“)’f)nkeN* be such a subsequence and f:_ its limit point. We then have
T+ :)>— =
(FEH (07) o (g2

We will now show that ( fe+ , f:_) is a Vickrey flow until & which then implies fe*_ = <I>§( fj D= fe.

We first note that Proposition 2.37 ensure that ( f;' R fe*”_*) respects the edge capacity until & since
all (fe(f’“)’+, ( e(nk)f) do so as well. By Proposition 2.50 the sequences Fe(f’“)’+ and Féf”’f converge
uniformly to F.", and F,.~ on [0,&] and [0, & + 7], respectively. Hence, weak flow conservation until &
for the elements of the sequence implies weak flow conservation until £ for the limit point.

Furthermore, the sequence T/ ) also converges uniformly to 7./ " on [0,&] by Corollary 3.45. This,
in turn, implies that F(™)~ o Tef(nk) converges pointwise to F*'~ o Tef* by Proposition 2.38. Thus, the
fact that (16) holds for all elements of the sequence guarantees that it holds for the limit point as well.

All together, Proposition 3.40b) now implies that ( f;‘ y f:,’_f) is a Vickrey flow until £ and, therefore,
fe.” =ae. [fe. by Corollary 3.43. Thus, we have

fET
which concludes the proof. O

Finally, we note that while it is also possible to show multi-commodity versions of Corollaries 3.23
and 3.24 (i.e. monotonicity and no idling property), those will be much weaker statement than their
anonymous counter parts. The following example demonstrates why this is the case with regards to
monotonicity:

Example 3.47. Let e be an edge with free flow travel time 1 and capacity 2 and consider the
2-commodity Vickrey flows given by the following two sets of edge inflow rates:

o fois given by £ = £ =Tz
® g. is given by g;fl = 1pp,2) and 9:,2 =2-1p .

The cumulative flows then clearly satisfy F:1 0) < Gj’l(ﬁ) and F;FQ(H) < G:Q(G) for all § € Rxyg.
Nevertheless, we also have F,;(3) =2 > 1+ 2 = G_,(3) (cf. Figure 7).

3.1.3. Network Flows
We are now going to extend the concept of dynamic flows from individual edges to whole networks.
Definition 3.48. A network N = (G, (7¢), (ve), I, (uy,;), (T;)) consists of

e a directed graph G = (V, E),

e a non-negative free flow travel time 7, € R>q for every edge e € F,
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1
Qe
0o 1 2 3
2
1 Qe
0o 1 2 3

Figure 7: A counter-example to a naive monotonicity property for multi-commodity flows. The blue
commodity has the same (cumulative) inflow both in f. and g. whereas the red commodity
has smaller cumulative inflow in g. compared to f.. Nevertheless, for certain times the
cumulative outflow for the blue commodity is strictly smaller in g. compared to fe.

e a positive capacity v, € Ry for every edge e € FE,
e a finite set of commodities I,

e anetwork inflow rate u,; € L{ (R>o,R>o) for every commodity i € I and every node v € V
and

e a non-empty set of sink nodes T; C V for every commodity i € I.

As for the flow rates we also define the cumulative network inflow by

0
Uvﬂ' : RZO — Rzo, 0 — / Uv’i(é-)dg.
0

Furthermore, we denote by

0; =sup{6 € R>¢ | Uy, is strictly increasing at 6 for some v € V' }

the last time at which additional particles of commodity i enter the network and by 6 := max { 0; |iel}
the last time where any particles enter the network. We say that commodity ¢ (the network) has
finitely lasting network inflow rates if §; < oo (if § < 00).

We call a node v € V a dead-end node of commodity ¢ if there exists no v, T;-path and denote
by V;r C V the set of all dead-end nodes of commodity i. We call a node v € V' a source node for
commodity ¢ € I if 4, ; #a.c. 0 and denote by S; C V the set of all source nodes of commodity 4.

Finally, we say that A\ is feasible if for every commodity 7 € I and every source node s € S; there
exists some sink ¢ € T; such that there is some s, t-path in G or, equivalently, if ViT NS; =0 for all
1€l

Definition 3.49. A (dynamic) flow in a network A is a tuple f = (fo)eer € Li . (R>0, R>0)E*! x
L (Rsg,R50)P*I. We define F(N) as the set of all dynamic flows in N.

loc

In other words, a dynamic flow f in a network consists of an edge flow ( f:r i» Joi)ier for every edge e

of that network. Thus, all the properties previously defined for edge flows can also be applied to
dynamic flows (both separately to individual edges of the network or to all edges at once). Additionally,
we can now also define flow conservation properties between the edge, i.e. at the nodes:

Definition 3.50. For any dynamic flow f we denote by

Bui(6) =Unil®) + Y Fo,(0)= > F.(0)

ecd— (v) e€dt(v)
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the flow balance of commodity i at node v at time 0 and by

A0)= Y _F50)+ Y B0

ecE veV\T;

the network load of commodity i at time 6. Finally, FA(0) := Y, ; F/(6) denotes the network
load at time 6.

Definition 3.51. We say that a flow f satisfies weak flow conservation for commodity i € I at
node v € V until £ € R> if

B, (0) >0 for all § < €.
It satisfies strong flow conservation for commodity ¢ € I at a node v € V' \ T; until ¢ if
B, () =0 for all § < ¢

and at a sink node t € T; if B, ; is non-decreasing on [0, §).
We say that a flow satisfies weak /strong flow conservation at all nodes until ¢ if it satisfies
weak /strong flow conservation until £ for all commodities at all nodes.

Intuitive explanation: Weak flow conservation allows for temporary storage of flow volume at
nodes whereas strong flow conservation requires all flow arriving a node to immediately enter
another edge leaving that node (or leave the network entirely if it is a sink node). Thus, weak
flow conservation (at nodes) is used in dynamic flows whenever one wants to model congestion
on nodes (like for example in [FF58] or [Sku09]) whereas strong flow conservation at nodes is
used when congestion is entirely modelled on edges (like in this thesis).

Under strong flow conservation By ;(6) denotes the amount of flow of commodity ¢ which has
already arrived at some sink ¢ € T; by time 6.

Proposition 3.52. A flow f satisfies strong flow conservation for commodity i at node v until & if
and only if it satisfies

Ui (0 Z fei(0 Z f:l {:0’ v eVAT for almost all < €. (22)

e€é™ (v) eedt(v) >0, ifvel;

Proof. Define by

bv,i(o) = uiv Z fez Z

ecd— (v) e€dt(v)

the netto node-inflow rate. Then we get directly from the definition that b,; =,. 0B,; and
B, = fo by,i(¢)d¢. The equivalence then follows immediately by using the connection between locally
integrable and absolutely continuous functions (Proposition 2.49). O

Proposition 3.53. Let f be a dynamic flow. Then for any subset of nodes W C V and any time
0 € R>o we have

Y ELO) =) Uni®)+ Y Fo0)— > FL) =) Bui)

ecE[W] veWw e€d— (W) e€dt (W) veEW
In particular, if f satisfies strong flow conservation at all nodes until 6, then we have
EA0) = Ui (0) — Zi(0),

where U;(0) =3, ey Uv,i(0) and Z;(0) = 3 cq. Bii(0) denote commodity i’s total cumulative network
i~ and outflow, respectively.
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Proof. We can show this via a direct computation:

STOFS0)= > (FH0)-F.,(0)

e€ E[W] e€ E[W]

=2 2 FLO - X FLO-) Y FLO+ > FL0)
veW e€dt(v) ecdt (W) veW e€d— (v) ecd— (W)

=Z( > FLO)- Y F )+ > FLO) - X
veEW  eedt(v) e€d— (v) ecd— (W) e€dt (W)

=Y Bui(®) + Y Fo0)— Y FL(0)
veEW eed— (W) e€dt (W)

The second part of the proposition now follows directly from the first by choosing W = V. O

Corollary 3.54. Let f be a dynamic flow and i € I some commodity such that f satisfies strong
flow conservation at all sink modes of commodity i. Then, the network load of that commodity is
non-increasing after éi, i.e.

FA(a) > FA(b) for all 0; < a <.

Proof. This follows directly from Proposition 3.53 since all U, ; are constant after 0 while the functions
B, ; are non-decreasing for t € T;. O

Definition 3.55. We call a flow f a feasible flow until £ & Rzo if it satisfies weak flow conservation
for all commodities at all nodes and edges and respects the capacities of all edges until £.

We call f a Vickrey flow until £ € RZU if it satisfies strong flow conservation at all nodes until £
and all queues operate at capacity and fair until &.

Ve
Ve
v =; SCw
Te

Figure 8: A (constant) Vickrey flow on a single edge e.

A helpful property of Vickrey flows is that, as long as the network inflow rates are (essentially)
bounded, the cumulative in- and outflows as well as queue length and, most importantly, the current
travel times are not just absolutely continuous but even Lipschitz-continuous:

Proposition 3.56. Let f be a Vickrey flow until £ € Rzo and 0 < 07 < 03 < € any two times
such that ), uy is essentially bounded by some constant M during [01,02). Then for any edge
e =vw € E we have

(Xeres (v ver + M)

Ve

Ce(01) — (02 — 01) < Ce(b2) < Ce(b1) + (62 —07) -

Proof. We show the following analogous bound for the queue length function from which the proposition
then follows immediately:

Claim 4. We have Q.(61) — (03 — 01)ve < Qe(02) < Qu(61) + (02 — 01) - (ze,eg,(v) Ver + M).
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Proof. For the first inequality we only need the fact that f respects the capacity on edge e:

62 02
Qe(02) = Qc(61) + JE(9)do — Jo (0 +7e)dd > Qc(01) — ve(B2 — 01).
i 7 o <v.

For the second inequality we additionally use Proposition 3.52, i.e. strong flow conservation at node v
as well as the essential bound M on the network inflow rate at this node:

02 (22) 02 02
c(602) < Q.(0 €+19d19_ (0 ~ () dY v.i(0)dY
Qo) < Qo) + [ rronar < ey X [T +/91 )

0 '€ (v) o icl
—e %—
<M
SQe(91)+(92—91)'( > Ve'-i-M) L
e’ €6~ (v)
Applying the definition C,(6) = in(@ + 7. now directly yields the desired bounds. O

e

We conclude our discussion of dynamic network flows by introducing one additional notion: That of
restricting a dynamic flow to a subnetwork.

Definition 3.57. Let N = (G, 7,v,I,u,T) and N' = (G',7',v', I’ ,v/,T") be two networks. We call
N’ a subnetwork of N if

e (' is a subgraph of G, i.e. G’ C G,

o the free flow travel times and capacities coincide on the common edges, i.e. 7/ = 7| E[G'] and
V' = v|pign and

e the two networks have the same set of commodities, i.e. I’ = I.

Definition 3.58. Let N' = (G, 7,v,I,u,T) be a network and N = (G', 7/, /', I',u’, T") a subnetwork.
Then we define the restriction mapping

’N/ cFN) = FWN), f — f’{i}xE[G’]xI

which restricts any given flow in A to a flow in N

A first simple application of this notion is the following proposition which essentially states that
when considering Vickrey flows we may assume without loss of generality that every commodity has
exactly one sink node:

Proposition 3.59. Let N be a network with S; NT; = 0 for all commodities i € I. Then there exists
a larger network N such that

e N is a subnetwork of N,
o in N every commodity has exactly one sink node and

e the restriction mapping |\ is a one to one correspondence between Vickrey flows in N and in

N.

Proof. We construct N as follows: For every commodity ¢ € I we add one new node ¢; and edges
vt; for every v € T; with free flow travel time 1 and capacity 7y, = Zee 5—(v) Ve- We then define
T, = {t; } and @y, » :== 0 for all i € I while keeping the network inflow rates the same for all other
nodes.

It is now easy to see that |, maps Vickrey flows to Vickrey flows. Moreover, it is one-to-one since
every Vickrey flow in A/ can be uniquely extended to a Vickrey flow in A" by sending all excess flow at
nodes v € T; onto the direct edge vt;. O
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3.2. Behavioural Model

In this section we introduce and discuss the behavioural aspects of our model. We start by defining
what dynamic flows we consider to be equilibrium flows in our current information setting using a
node label-based approach similar to the one used in [KS11; CCL15] for the full information setting.
We then define two quality measures that we will later use to judge the quality of equilibrium flows in
our model.

3.2.1. Instantaneous Dynamic Equilibria

As already discussed in the introduction (Chapter 1) we want to study a model wherein individual
agents/particles only have access to information on the current state of the network (as opposed to
the full trajectory of the future flow evolution like in the full information model considered e.g. in
[KS11; CCL15]). We then assume that at every time every agent chooses a route with (seemingly)
shortest travel time based on this current information. More precisely, we assume that whenever an
agent arrives at a node they get the expected current travel times of all edges, compute a shortest
path from their current location to one of their sink nodes (based on this information) and then enter
the first edge of such a path. A Vickrey flow wherein each particle only travels along such currently
shortest paths is then the exact equilibrium concept we will consider from here on out.

In order to formalise this equilibrium concept we will use time dependent node labels denoting
for every node, commodity and time the current shortest distance from this node to a sink of that
commodity at that time.

Definition 3.60. Given a dynamic flow f we define for any commodity ¢ € I time dependent node
labels denoting for any node v € V' the (expected) current distance to the closest sink, i.e.

Ly;:Rso— Rzo, 0+ L, ;(0) =inf { C,(8) | p a v,t-path for some t € T; }, (23)

where Cp(0) :=3__, Ce(0) denotes the current expected travel time along a path p.

We say that a v, T;-path p is active for commodity ¢ at time 6 if C,(0) = L, ;(6) and denote the
set of all active v, T;-path at time 6 by P, ;(0) := {p a v, T;-path | p active for 7 at 0 }.

We say that an edge e = vw € F is active for commodity 7 at time 6§ whenever

Lv,i(e) > Ce(e) + Lw,l(e)

and denote by F;(0) := {e € E | e active for i at @ } the set of active edges of commodity ¢ at time 6.
In single commodity networks we will drop all indices 3.

Remark 3.61. For any fixed time 6 and commodity ¢ the vector (L, ;(0)), is a vector of distance labels
with respect to the edge costs (C.(0)).. Thus, these labels always satisfy properties a) to e) from
Proposition 2.67. If the flow satisfies weak flow conservation on all edges at time 6, then the node
labels at that time also satisfy f) to m).

If, additionally, every cycle has a strictly positive free flow time, then the node labels also satisfy
properties n) and o) from that proposition. In particular, for such flows Bellman’s equations (1) can
be used as an alternative (recursive) definition of the current distances (cf. e.g. [GHS20; GHKM23]):

0 ifvelT; .
L,;0)=<" forallveV,icI,0 cRsg. (24
i) {inf{C’e(G) + Lyi(0) | e=vwedt(v)}, else oraty ! 20 (24)

In addition to all these properties inherited from Proposition 2.67 we will also make use of two
continuity properties of the current distances: First, every such node label is continuous as a function
in time and, second, the mapping from current travel times to current distances is continuous as
mapping between two function spaces. Together with Corollaries 3.45 and 3.46 the latter then also
implies that for Vickrey flows the mapping from inflow rates to current distances is weak-strong
continuous which will be an important ingredient for our existence proof in Section 4.2.

Proposition 3.62. For every commodity i € I and any node v € V\ViT the function L, ; : R>o = R
s absolutely continuous.
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Proof. For a node v ¢ V;r the node label is always finite by Proposition 2.67a). The node label
functions are then absolutely continuous as pointwise minima over a finite set of sums of the absolutely
continuous functions C.,. O

Proposition 3.63. For every commodity i € I and node v € V' \ VZ-T the mapping
C(Rzo)E — C(Rzo), C — Lu,i

is sequentially (strong-strong) continuous, i.e. it maps uniformly convergent sequences to uniformly
convergent sequences.

Proof. Given a uniformly convergent sequence (C(™),, the sequences (C},n))n converge uniformly
as well as linear combinations of uniformly convergent sequences. This then implies the uniform

n . . .
convergence of the sequence (ij i))n as minimum of uniformly convergent sequences. O
:

These node labels now allow us to formally define our main object of study for the rest of this thesis:
(Vickrey) flows in which particles always choose an optimal route according to the current travel times.
A flow in which (almost) all particles behave this way is then an equilibrium in our setting:

Definition 3.64. A Vickrey flow f until £ is an instantaneous dynamic equilibrium (IDE)
until ¢ if it satisfies

t(0) >0 = e € E;(f) for almost all § < ¢ (25)

e,i
and for all 1 € I and e € E.

With this definition we can now check that the flow seen in Example 1.1 in the introduction is in
fact an IDE (for suitably chosen network inflow rates and edge capacities):

Example 3.65. Consider the 2-commodity network depicted in the top left of Figure 9 with edge
labels denoting free flow travel time and capacity (in that order), a network inflow rate of 2 at node
s1 during [0, 1] for commodity 1 (blue) and a network inflow rate of 4 at node sy during [1,2] for
commodity 2 (red). The flows depicted in Figures 9 and 10 are then two possible IDE in this network.

The flow in Figure 10 is also a full information equilibrium flow (and, in fact, also a system optimum
flow with respect to both the quality measures we will define in Subsection 3.2.2). Note that the latter
two statements would still be true if we were to slightly increase the free flow travel time of the direct
edge s1t while the IDE depicted in Figure 10 would not be an IDE then anymore.

As we can already see in this example, IDE are, not very surprisingly, not necessarily optimal in
hindsight — neither from a system wide perspective nor from the point of view an individual particles
(as it would be the case in a full information equilibrium). We will see exactly how much worse an
IDE can be compared to an optimal flow in Section 6.3. In fact, it will turn out that it is possible in
certain cases for particles to never reach a sink and travel around in cycles forever (see Theorem 6.18).

Nevertheless, we would at least expect that in an IDE particles never get completely stuck, i.e. arrive
at some non-sink node from which there is no way left to go to. This is particularly important for
constructing IDE by repeatedly extending IDE up to certain point which we will do in the following
chapter. Ideally, we would like to say that in an IDE no particle ever arrives at a dead-end node.
This is, in fact true, for feasible networks with strictly positive free flow travel times. For networks
with cycles of free flow travel time zero, however, our model technically allows for “ghost particles”
to appear at some node in such a cycle, travel around that cycle and then disappear again at their
starting node (at the same time at which they appeared to ensure flow conservation at nodes!). This,
in particular, is even possible at dead-end nodes. Thus, we have to content ourselves with the following,
more technical version of our desired statement which will still be enough to ensure that we will never
have to deal with any “stuck” particles when constructing IDE.

Proposition 3.66. Let f be an IDE until £ in a feasible network N and e = vw € E an edge such
that (f;_, fe..) is a Vickrey edge flow until § + LE&)

14
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Figure 9: The 2-commodity network with a possible IDE already discussed in Example 1.1. In the
first image (top left) the edge labels denote the free flow travel time and the capacity of each
respective edge (in this order). Particles of the blue commodity enter the network at node
s1 and have node t as their destination. Particles of the red commodity enter the network
at node sy and also have node t as their destination.
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Figure 10: An alternative IDE for the 2-commodity network discussed in Example 1.1.

Ifv ¢ V; and w € V;r then
fe.i(0) =0 for almost all 6 < T.(§). (26)
Ifv,w eV, then
Ce(0) >0 = f_,(0) =0 for almost all § < T,(§). (27)

Proof. If v ¢ VZ-T and w € VZ-T, then e = vw can never be active for commodity ¢ as we always have
L, ;(0) < oo and L, ;(#) = oo by Proposition 2.67a). Thus, in an IDE until £ no flow of commodity ¢
can enter edge e until that time which, in turn, implies
_ (16)
F (T.(€) = Ff,(&) =0

and, hence, f; () = 0 for almost all & < T,(¢).
For edges between dead-end nodes we use Proposition 3.53 to show that for any 6 < £ we have

0< Y FAOTET S v+ Y. FLo) - Y. ERO) - Y Bua®)

e€E[V]] vev! e€s— (v e€s+ (V) veV,
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) |
<Y v+ > FLe-0For 3 R0,

vev]! e€s—(V;H ecs— (V]

where (*) holds due to weak flow conservation on edges and nodes and (#) because in a feasible
network there can be no network inflow at dead-end nodes. Thus, for any edge e € £ [VZT] such that
(f;“_, fe..) is a Vickrey edge flow until £ + ij—(g) we have

(16)

Te(0)
/9 [0 = FL(TL(0) — F(0) 2 Fir(0) — Fy(0) = FA(6) = 0

for all times ¢ < § and, therefore, f,;(¢) = 0 for almost all ¢ € [0, Tc(0)) = [0,0 + Cc(f)). From this,
we can now deduce (27) by observing that

{60€(0,T.(&) [ Cc(0) >0} < | [6,T2(9))
0€[0,£)

and applying Proposition 2.15. O

3.2.2. Quality Measures for Dynamic Flows

In order to measure the quality of dynamic flows (and, in particular, the instantaneous dynamic
equilibria) we need to define some objective that the flow are supposed to achieve. In this thesis we
will consider two such quality measures: The arrival time of the last particle at its sink and the “sum”
of the travel times of all particles:

Definition 3.67. Let f be a dynamic flow and 7 € I a commodity with finitely lasting network inflow
rates. We then define

e the makespan of 7 in [ as

U, (f) = inf{e > 6,

e the total travel times of i in [ is defined as

=) =Y /0 T Q.

ecE

If all commodities have finitely lasting network inflow rates, we additionally define by

U(f) =max{W,(f) |iel} and Z(f) = Zi(f)

i€l
the makespan of f and total travel time of f, respectively.

Definition 3.68. We call a terminating feasible flow f an optimal flow with respect to makespan/
total travel time if it minimizes makespan/total travel time among all feasible flows.

For the case of single-commodity networks it is known that there always exist so called earliest
arrival flows (which can even be computed efficiently — see [BS09]). These flows maximize the amount
of flow which has already reached a sink for all times simultaneously. They, therefore, also minimize
both makespan and total travel time.

Remark 3.69. For single-commodity networks restricting optimal flows to only Vickrey flows (instead
of any feasible flow) would not impact the achievable makespan /total travel time as the monotonicity
of the edge dynamics of Vickrey flows (see Corollary 3.23) guarantees that waiting at nodes (or even
on edges) is never beneficial. This is, however, not true any more for multi-commodity flows as can be
seen in the following example.

63



Figure 11: A two-commodity network in which the optimal achievable makespan is different for Vickrey
flows and flows which are allowed to wait at nodes.

Example 3.70. To see why waiting can be beneficial in multi-commodity networks we consider
the two commodity network depicted in Figure 11. Since there is only one possible path for each
commodity, this instance has a unique Vickrey flow. In this flow the edge vw is first traversed by
all flow of the (travelling from s to ¢2 and then by the blue commodity (travelling
from s; to t1). Thus, the flow particles of the blue commodity have to wait in a queue on edge vw for
one time unit. Hence, the makespan of this flow is 7 (the arrival time of the last particle of the blue
commodity at its sink 7).

On the other hand, in a flow with node storage, the flow of the blue commodity can overtake the
second half of the red commodity at node v and immediately enter the middle edge vw. Thus, such a
flow can achieve a makespan of 6 (the simultaneous arrival time of the last particle of the blue and
the red commodity at their respective sinks).

Definition 3.71. Let f be a flow satisfying weak flow conservation at all nodes and edges and strong
flow conservation at all sink nodes.
We then say that f terminates (by time V([f)) if ¥(f) < co.

The following proposition justifies this definition of terminating flows:

Proposition 3.72. Let f be a dynamic flow and i € I some commodity such that f satisfies weak
flow conservation for commodity i on all edges and nodes as well as strong flow conservation at all
sink nodes of commodity i. Then, after U;(f) there will never be any flow of commodity i in the

network, i.e.
F2(0) =0 and B, ;(0) =0 for alle € E,v € V\T;,0 > U(f).

Proof. We observe that weak flow conservation on edges implies that the edge load is non-negative as

(3)
0< Ff(0)—F ,(0+7)<F(0)— F_(0) = F2(0)

e,

for all edges e € F. Additionally, Corollary 3.54 implies

STFES0)+ ) Bua(0) = FA(0) < FA(Wi(f) =0

ecE veV\T;
for all times § > U(f). As all summands are non-negative, this is only possible if they are all zero. O

For edges with non-zero free flow travel time it is easy to see that the above proposition also implies
that the in- and outflow rate (of commodity 7) into any such edge is also zero (almost always) after
U, (f). For edges with free flow travel time zero, however, there is again the complicating possibility
of “ghost particles” travelling around such cycles (as in the previous subsection in the context of
Proposition 3.66) without adding anything to the respective edge load (and, thus, to the network load)
of the respective commodity.

Importantly, though, in a Vickrey flow such “ghost particles” may only use edges with current travel
time zero and, in particular, cannot build up any queues or contribute to the total travel time of that
commodity.
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Proposition 3.73. Let f be a dynamic flow with queues operating fair and at capacity on all edges
and i € I a commodity with finitely lasting inflow rates, strong flow conservation at all sink nodes and
weak flow conservation at all other nodes. Then for every time 6 > W,;(f) we have

0i(Q) = [.:(C) = 0 for almost all ¢ € [0, T.(0)].
In particular, we have f;:l(ﬂ) =0 for almost all 0 > ,;(f) with C.(0) > 0.

Proof. Using Proposition 3.72 and Proposition 3.40b) we have

( T.(6)
0= FA(0) = F4(0) - Foy(0) 2 Foy(Tu(0) — Fou(0) = /0 F(0)dC
as well as

_ A . nk N Ao (E‘) + ot _ Te(9) +
0= FA(TL(0) = FH(TL(0) - Fo(T(0)) 2 FH(TL(0) - FA(0) = /9 +(0)d¢

for all edges e € E. Since both in- and outflow rate are non-negative, this implies the corollary.
From this we can now deduce the second part of the proposition in the same way as in the proof of
Proposition 3.66 by observing that

{o=w(f)|Co)>0rc J [6.7.09))

0>, (f)
and applying Proposition 2.15. O

With this proposition we can now show that for Vickrey flows our definition of total travel times
coincides with the one used in [GHKM23, Section 6.1]. We start by showing that for a single edge we
can compute the total travel time incurred on this edge by particles entering before some time 6 in
two different ways: Either we “add” for every such particle the expected current travel time at the
time of entrance (left side) or we “add” for every particle the difference between its entrance and exit
time (right side). Intuitively, the fact that the queue operates fair and at capacity should guarantee
that these two measures are the same. The following lemma shows that this is indeed the case. Using
a telescope sum argument we will then be able to lift this equality to the whole network.

Lemma 3.74. Let (f;'i, fe_,i)iej be a Vickrey edge flow until £ € RZO' Then for every time 6 < & with
T.(0) < £+ 7. and every commodity i € I we have

o T.(6) 0
| o= [ crouc- [ enio
0 0 0
Proof. This proof is essentially a straightforward computation:

T.(6) 9
/ CFo(QdC — / CFAQAC
0 0

Te(0)

) B L0) Te(®) B N 0 0 N
Y (R ()] /0 Fo(Od¢ - [CFAO1] + /0 F+(0)d¢

Te(0) 0
T 0)F(1.0) - / F,(Q)d¢ — 0F(0) + /O FH(0)d¢
0 0
B 1 (0)F(T.(0)) - /O F(T.(€))0T.(¢)d¢ — OF,(0) + /0 F(¢)d¢
w - 9Q:(0) 4 ’
= T.(0)F,(0) /OF;(O (1+ ” )dC GF;Q(Q)_F/O Ff(Q)d¢
(4
= (Te(0) = O)FS,(9) - /0 FL(O%@«
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0

Y (1.(0) - 0)FS,(0) - [F* } /f;i Qe Jac
0

- (% 1) - F:iwwf") [ f:onefdc
Ve 0 Ve

’ NN ’
_ + + (A el6) H o +
= [ rsioacs [ rtoEe e [Ceqorioa

where we use integration by parts (Proposition 2.52) for every equality marked by (%), the change of
variable formula (Proposition 2.53) at (#), weak flow conservation at (A) and the fact that the queue
operates fair and at capacity to be able to use (16) from Proposition 3.40b). O

Proposition 3.75. Let f be a Vickrey flow and i € I a commodity with finite makespan. Then the
following holds

v (f) W, (f) Wi (f) i (f)
=(f) = u A — : — ) )
=.(/) /0 COZA(C)dC— ;ev: / Cttog(O)dC = / FA(Q)dC /O UL()dC /0 Z:(0)d¢

Proof. The first equality follows from Lemma 3.74 using a telescope sum argument and strong flow
conservation at the nodes:

‘I’(f)
Z/ X fe+z Prop 3722/ fe+z (C)d¢

ecE ecE

Lem. .74 Te(¥; (f)) U, (f)
fei(Q)d¢ — ¢
=l ;;/
Prop 3.73 61 d( Cf:z
) T
Wi (f) T, (f)
—ZZ/ deZZ/Cf;
veEV e€d— (v) VEV e€st (v)
Z(f)
= Z/ (X 0= X £i10)d
veV e€d—(v) e€st(v)
v, (f)
=2 /0 c(an,i(C)—uv,xo)dc
veV
(A v, (f)
Can,z dC C Uz
DY e
v (f)
= €0Z;(¢)d¢ — Cuy 4(€)dC,
J >/

where we use strong flow conservation at the nodes at (A).
The second equality from the proposition’s statement can be shown using integration by parts:

/0 o COZi(¢)d¢ - > / Cup i (¢)d¢ = / 0Z;(¢)d¢ — / COUL(¢

veV

() )
- /0 ¢ 0(Z: — Ui (¢)ag Front /0 COFA(C)dC

| wi(f) wi(f)
RN [T R =~ R+ [ FAOC
0 0

66



Wi (f)
=/ FA(Q)C,

0

where we use integration by parts at () and the definition of W;(f) at the last equality.
Finally, the proposition’s third equality now follows directly by applying Proposition 3.53. O

Using this proposition we get the following relation between our two quality measures:

Corollary 3.76. For any Vickrey flow f and commodity i with finite makespan under f we have
Ei(f) < Ui(0:) - Wil f).

Proof. This follows directly from Proposition 3.75:
_ Prop. 5.75 [ Vi) i (f) @i (f) .
=0T [ wou- [ zgacs [T now < vl w0
0 0 0

3.3. Model Summary

For easier reference we repeat here the complete definition of the model introduced over the course of
this chapter:

Network: A feasible network A is given by a tuple (G, (.), (ve), I, (uys), (T3)) consisting of a
directed graph G = (V, E), free flow travel times 7. € R>( and capacities v, € R for all edges
e € E, a finite set I of commodities and for each commodity ¢ € I a non-empty set T; C V of
sink nodes and a locally integrable network inflow rate u, ; : R>g = R>¢ for every node v € V.
Moreover, we assume that for every commodity 7 € I and every node s € V with us; #a.c. 0
there exists some sink node t € T; which is reachable from s.

Dynamic flow: A dynamic flow f in such a network is a vector (£, f.;) € Li (Rx0, Rx)Z* (£,
Here, sz(e) denotes the inflow rate of particles of commodity 7 into edge e at time € and,
analogously, f,;(f) denotes the (edge) outflow rate. For any such dynamic flow we define
the cumulative inflow (outflow) of commodity i into (from) edge e by F,",(6) := foe fH(Od¢
(F,;(0) = foa fe.i(€)d¢). We drop the index i to refer to the associated anonymous flow (rates),
e.g. we define f = dier fjl Finally, we denote the queue length on edge e at time 6 by
Qe(0) == F(0) — F; (0 + 7¢), its current travel time by C¢(6) == Q;—Sﬂ) + 7. and its current exit
time by T,.(0) := 6 + C.(9).

Vickrey flow: A dynamic flow f is a Vickrey flow until some time & € Rzo if it satisfies the following
three properties:

e The queues of all edges operate at capacity until £, i.e. for all e € E we have

Ve, if Q.(0) >

0
for almost all 6 < 6
min{ fF(6),v. }, else OF aTmosk a ¢ ©)

fe_(9+Te):{

as well as Q.(0) =0 (if € > 0).
e The queues of all edges operate fair until &, i.e. for all i € I and e € E we have

— f\jl(ﬂ) : —+
fo0+7) = JeOt7e) iy, L) >0

0, else

" for almost all § < &, (15)

where ¥ is chosen such that T.(9¥) = 6 + 7.
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e The flow satisfies strong flow conservation at all nodes until £, i.e. foralli € I and v € V
we have

u; 0 (0) + Z fei(0) = Z :1(9) {: 0, ifveVAT for almost all 6 < £. (22)
)

e€5 (v) c€st (v 20, ifveT

There are also several equivalent characterisations for queues operating at capacity or fair given
in Propositions 3.19 and 3.40, respectively.

IDE: A Vickrey flow until £ is an instantaneous dynamic equilibrium (IDE) until ¢ if it addi-
tionally satisfies the following IDE-property for all i € I and e € E:

:1(9) >0 = e € E;(0) for almost all § < ¢ (25)
where we denote by E;(0) == {e=vw € E | L, ;(0) > Ce(0) + Ly, (6) } the set of active edges
for commodity i at time 0 and by L, ;(0) = inf{}_ . Cc(0) | p a v,t-path for some t € T} }
the current distance from node v to commodity i’s closest sink node.

3.4. Bibliographic Notes and Open Questions

The flow model introduced in Section 3.1 is the same which was also used in [GHS20; GH22; GH23|
which in turn is mostly based on the flow model used by Koch and Skutella in [KS11] and Cominetti,
Correa and Larré in [CCL15]. The alternative characterisations in Propositions 3.19 and 3.40 are
essentially a collection of several different ways the edge dynamics are defined in the literature. The
properties of the flow model deduced from these characterisation are also mostly well known (so much
in fact that they are often used without even explicitly stating them).

Our definition of IDE presented here was first introduced in [GH19] (which is a joint work with
Tobias Harks) and is based on the equilibrium definition in the full information model used e.g. in
[KS11; CCL15]. Note, that in [GH19] the node labels are directly defined by the recursive Bellman
equations (24) (which is possible there since only strictly positive free flow travel times are allowed
there).

We note that the physical and the behavioural model (i.e. Sections 3.1 and 3.2) are largely
independent of each other. This is what allowed us to reuse many properties of the physical model
originally shown in the full information setting to our model. At the same time, this also means that
one could easily replace the deterministic queuing model by another physical model while keeping our
behavioural model in order to define IDE with different flow dynamics. As long as the chosen physical
model is reasonable well-behaved (i.e. satisfies all or at least some of the fundamental properties stated
at the beginning of Section 3.1), it seems quite likely that several of our results in the coming chapters
could then be transferred to such a related model.

As a final remark we would also like to point out that even though the deterministic queuing model
is generally well understood there are also still some open questions related to it (cf. [Gai-+22, Section
4.6]). One such example is the computational complexity of its network-loading procedure (i.e. the
network-wide analogue to the edge-loading function ®¢ discussed in Corollary 3.46).
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4. Existence of IDE

In this chapter we will give several proofs for the existence of IDE in various different settings. The
proofs are ordered by decreasing generality (of instances for which they apply). As will become
important in the next chapter (Chapter 5), this coincides with increasing levels of constructiveness.

One common aspect of all proofs is the following general idea: To show the existence of an IDE it
suffices to show that, when given an IDE flow up to some point in time, we can always extend this to
an IDE up to some later point in time. Then, starting with the trivial IDE up to time 0, a simple
limit argument guarantees existence of an IDE for all times.

For dynamic equilibria in the full information setting this same approach (only for a different notion
of equilibrium flows up to a certain point in time) together with the nice combinatorial structure of
the individual extensions (so called “thin flows”) found by Koch and Skutella in [KS11] was and still is
one of the main sources for the recent progress in better understanding these equilibria in the last two
decades. As we will see in this chapter, IDE exhibit a very similar structure.

4.1. A Meta-Theorem on IDE-Existence

We start by formalising the concepts of partial IDE and IDE-extensions and then showing a meta-
theorem which basically states that in order to show existence of IDE it suffices to show that partial
IDE can always be extended.

Definition 4.1. For any network N we denote by
]:pa(N) :]:(N) XRZO

the set of all partial flows in A. We call a partial flow (f,&) € Fpo(N) a partial Vickrey flow if
f is a Vickrey flow until £ and a partial IDE if f is an IDE until £&. We denote the set of all partial
IDE in NV by F 0B (N) C Fpa(N).

For any two partial flows (f, &), (f',¢’) € Fpa(N) we then say that (f/,¢’) is an extension of (f,¢)
(until &) if ¢ > £ and we have

+ _ I+ - _ — .
fe,i‘[oé) =ae. e,i{[o,g) and fe7i’[07§+%) —ae. e7i|[07£+%) forallee E,i e I.

We denote this by (f, &) < (f/,&’). Finally, we consider two partial flows to be equal as partial flows if
both (f, &) = (f',¢') and (f',£) = (f,€) hold and denote this by (f,£) ~ (f',£').

Observation 4.2. For any two partial flows (f,&) and (f’,£’) we have

(£, = (f.¢) = (£ 2(f,§)and £ =¢".

Observation 4.3. For any two equivalent partial flows (f,£) = (f’,£’) we have that (f, ) is a partial
Vickrey flow/IDE if and only (f/,¢’) is a partial Vickrey flow/IDE. This is because the constraints
defining Vickrey flows/IDE up to some time £ only depend on the edge inflow rates until £ and the
edge outflow rates until £ 4 7.

Observation 4.4. If (f,€) and (f,&’) are two partial flows which are Vickrey edge flows until £ on all
edges, then we have

(£, 6 =2(f,¢) = ¢<¢ and f:l 0.6 —ae é*l 0.6 foralle e E,i€l.

This follows directly from Corollary 3.43, i.e. the fact that in a Vickrey edge flow the edge outflow
rates until £ 4+ 7. are uniquely determined by the edge inflow rates until &.
Observation 4.5. The relation < is a preorder on Fp,(N).

This now allows us to state the following meta-theorem: Whenever we have some non-empty set of
partial flows which contains

a) a proper extension for every individual element of that set and
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b) a common extension for every sequence of elements in that set,

then this set also contains a flow for all time. In particular, this meta-theorem reduces the challenge of
proving existence of IDE (potentially with some additional property) to showing a) an extension-lemma
for such IDE and b) that limits of such IDE are again an IDE (still satisfying any required additional
property).

Theorem 4.6. Let N be any network and § C Fpqa(N) be some subset of all partial flows in N
satisfying the following properties:

1. § is non-empty.
2. For any (f,£) € § with £ < co there exists some (f',&+¢) € F withe > 0 and (f,€) 2 (f',&+e).

3. For any (non-trivial) sequence (f(V, &) < (fP®,&) < ... of partial flows in F, there exists some
(f.€) € § with (f®),&) 2 (f,€) for allk =1,2,....

Then there exists a dynamic flow f such that (f, o) €F.

Proof idea: Properties 1 and 3 are essentially just the conditions of Zorn’s Lemma specified for
our situation. Thus, the set § must contain a maximal element (f,&) which, by property 2, must
satisfy & = oo.

Proof. By Observation 4.5 (§F, <) is a preordered set. Now, let J C § be a chain in §. If it is the
trivial chain (i.e. J = () then any element of § is an upper bound — and such an element exists by
property 1.

Otherwise, we define £ := sup {£ | 3(f,€¢) € I} and find an upper bound to J as follows:

1. Case: El(f, é) € J: Then this is an upper bound to J: Since J is totally ordered we have
(f,€) = (f.€) or (f,€) = (f,€) for every (f,€) € 3. In the latter case we then have & > &
but also £ < € by the definition of €. Thus, we have & = £ and, therefore, (f,€) < (f,€) by
Observation 4.2.

2. Case: ﬂ(f, é) € J: Then we have £ < ¢ for all (f,€) € J and we can fix some sequence
(f(k), &k )ken+ such that the sequence (& )ren+ is non-descending and converges to é Since J
is totally ordered, we have (f*), &) = (f*HD &) or (f®), &) = (fFFD, &4q) for every k
and as (&) is a non-decreasing the latter also implies the former by Observation 4.2. Thus, by
property 3, there exists some (f', &) € § with (f®), &) < (f',€) for all k € N*. This (f',¢') is
then also an upper bound to J: For any (f,£) € J there exists some k € N* with £ < & and,
therefore, (£,€) < (/),6,) < (f',€).

Thus, we can apply Zorn’s Lemma (Lemma 2.58) to obtain a maximal element (f,&) € §. If £ = oo,
then we are done. So, assume for contradiction that £ < co. Then, by property 2, we also have some
(f,€+¢e)eF withe >0and (f,&) < (f',£+¢) — a contradiction to the maximality of (f,¢&). O

Remark 4.7. Tt is possible to avoid Zorn’s Lemma in the proof above if one assumes additionally, that
the set § is closed under restriction (i.e. if (f,€) € § and £’ < £ then (f,£’) € § as well) which will be
the case in all our applications of this theorem. See [GHS20, Theorem 3.4] for such a proof. However,
this alternative proof is still non-constructive as it still uses a limit argument together with a proof by
contradiction.

If there is some general lower bound on the € in property 2, then existence follows by a simple
inductive argument and, thus, the proof becomes constructive — provided that the extension lemma
ensuring that property 2 holds is constructive itself.
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In the following we will use Theorem 4.6 to show existence of IDE by applying it to certain subsets
5C .FZI)EE (N). The first property will always be trivially satisfied (e.g. by the zero-flow which is an
IDE until time 0). Ensuring the second property will be the main part of the proof and will be done
by appropriate “extension-lemmas” which we will see in the following sections (Lemmas 4.14 and 4.34
and Corollary 4.30). The third property will again be automatically satisfied since we can just take
the limit of any given chain of partial IDE to obtain the required upper bound to such a chain. This
can be formalised as follows:

Definition 4.8. Let (f(,&;) < (f,&) < ... be an ascending sequence of partial flows in some
fixed network A'. Then we define the limit of this sequence of partial flows by

(£, 60) = (F.€) where
é = lim sup &k
k

() = {fe(ﬁ)’Jr(@), if 0 < &, for some k

et 0, else

- e('i)’*(@), if 0 < &, + 7. for some k
fe,i(e) = ’ .
Oa else

In order to show that this definition is not only well defined but also retains all relevant properties,
we need the following lemma:

Lemma 4.9. A dynamic flow f is a Vickrey flow/IDE until some & € Rzo if and only if it is a
Vickrey flow/IDE until & for every & < €.

Proof. The ‘only if’-part is clear. For the ‘if’-part let N C [0,&) be the set of all times where f violates
at least one of the constraints of being a Vickrey flow (an IDE), i.e. one of the constraints (6), (15)
and (22) (and (25)). Since (f,¢’) is a partial Vickrey flow (an IDE) for all ¢’ < &, the set N N[0,&’)
has measure zero for all those £’. But this then implies that N itself has measure zero. Thus, (f,§) is
a partial Vickrey flow (an IDE) as well. O

Proposition 4.10. If, for every edge commodity i € I and edge e € E there exist some locally
integrable functions ge; : R>g = R>¢ such that f:i 0. ),fe_i 0,65 472) <ae. Geyi, then limy (f*), &)
- - ’ Sk ’ 5SkTTe

is a well-defined dynamic flow with (f* &) < limg(f*), &) for all k € Ng. Furthermore,
a) it is a partial flow with locally p-integrable flow rates if all ge; are locally p-integrable,
b) it is a partial flow with right-constant flow rates if all (f*), &) have right-constant flow rates,
¢) it is a partial Vickrey flow if all (f*), &) are partial Vickrey flows and
d) it is a partial IDE if all (f*), &) are partial IDE.

Proof. We first show that f is a dynamic flow. Take any edge e € F and commodity ¢ € I and

observe that for every 6 < £ there exists some K € N* with £x > 0 and therefore all (countably many)
(k)+ i+
e,i el

functions fe(i-)Jr -1po,¢,) are measurable and converge pointwise almost everywhere to f;r ;- Thus, fj ; 1s

for k > K coincide on [0, 6] almost everywhere. Thus, is well-defined. Furthermore, the

measurable as well by Proposition 2.8. Finally, A:rl is essentially bounded by the locally integrable

function g. ; and, hence, Proposition 2.13 implies that it is locally integrable. The same is true for f; s

just with all intervals extended by 7. Since all this is true for all edges and commodities, f is indeed
a dynamic flow.

That limy,(f*), &) is an extension of each of the (f*), &) now follows immediately from the
definition of limg (£, &).

We now show the additional properties:
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a) Since we have sz, ei < Ye,i this follows directly from Proposition 2.13
b) For any 0 € [0, f) there exists some k € Ny such that we have < &,. Since f*) has right-constant
flow rates, there exists some 0 < £ < &, — # such that all edge inflow rates of f*) are constant

on [#,6 + ¢). The same is then true for f as we have Aji‘[ : =ae. féljv)’Jr 0.0 forallee FE
70,Ek a 0,k
and 7 € I. An analogous argument for shows that the same is true for the edge outflow rates.

c),d) These two properties follow from Lemma 4.9: For any & < é there exists some k € N* such that
£x > &', We then have (f,&) ~ (f®,¢) and (f*),¢) is a partial Vickrey flow/IDE (by trivial
direction of Lemma 4.9). Thus, f is a Vickrey flow/IDE until £’ as well by Observation 4.3. O

Note that, for general dynamic flows, the assumptions on the existence of the bounding functions
Je,i is necessary since there are functions like x — ﬁ which is (locally) integrable on any interval
[0,€] with £ < 1 but not on [0,1]. However, for Vickrey flows this assumption can be dropped as
respecting capacity, strong flow conservation at nodes and local integrability of network inflow rates
together automatically guarantee the existence of such bounds:

Corollary 4.11. Let (fV,&) < (f®,&) < ... be an ascending sequence of Vickrey flows/IDE
in some fized network N'. Then limy(f*), &) is a partial Vickrey flow/IDE extending all (f*),&).
Moreover, if the network inflow rates are locally p-integrable for some p > 1, then limy,(f*), &) has
locally p-integrable flow rates as well.

Proof. For any edge e = vw € E and commodity ¢ € I we define a function g.; : R>g = R>¢ by
setting
Ge,i(0) = max { ve, uy, ;(0) + Z Ver }.

e’€d—(v)

This function is clearly locally integrable (and even locally p-integrable if w,, ; is so as well). Moreover,
for every k € N* this function satisfies

(22
Hi(0) <

e,

) )

wio@+ 3 0 Swin@)+ S e < geal6)

e’€d~(v) e’ed—(v)
for almost all € [0,¢) and
k)= gy 2
fei (0) < ve < gei(0)

N2

for almost all 8 € [0, &k + 7). Thus, we can apply Proposition 4.10 to show the corollary. O

4.2. Extension Lemma for General Inflow Rates

In this section we want to show a general existence result for IDE in networks with locally p-integrable
network inflow rates for some p > 1. We will do so by showing that any partial IDE with locally
p-integrable flow rates can be extended for any additional finite time interval. Our meta-existence
theorem from the previous section then implies the existence of IDE for all time. Even more, we will
be able to deduce that any partial IDE (with locally p-integrable flow rates) can be extended to an
IDE for all time.

Note, that we restrict ourselves to p > 1 since then the space LP([a,b])? is a reflexive Banach space
for any [a,b] C R and any d € N* (cf. Propositions 2.40 and 2.43).

So, let N be some feasible network with locally p-integrable network inflow rates and (f, ) a partial
IDE with £ < oo and locally p-integrable flow rates. Furthermore, let € > 0 be any (finite) extension
period. Our goal is then to find a partial IDE (g,£ + ¢) with (f,€) < (g, +¢).

Proof idea: In order to show the existence of such an extension we will start with a set of
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candidates

_gt.gm) | 9 2 (@6 42). g respects capacity and
g=\9 9 satisfies strong flow conservation at all nodes until £ + ¢

Clearly, any actual extension of (f,¢) is contained in this set. Moreover, it is easy to see that
this set is non-empty. However, this set of course also contains many flows which are not IDE-
extensions as we are missing both the IDE-property and the constraints for the flow dynamics on
the edges. Thus, we will additionally define a mapping I' which for any such candidate g gives us
the set of candidates h such that

e the inflow rates of h satisfy the IDE-property with respect to the current travel times
induced by g and

e the outflow rates of h satisfy the Vickrey edge flow dynamics together with the edge inflow
rates of g.

It is again easy to see that there always exists at least one such candidate h as we can just derive
h~ from g* using the Vickrey edge flow dynamics and then send all this flow further on into
some edge which is active for g.

If now, we can find some candidate g which gets mapped to itself by I', then we have found
the desired extension. To get such a fixed point of the mapping I" we will then use the Kakutani—
Fan—Glicksberg fixed point theorem.

Before we can start our formal proof we define the set

(f,€) =~ (g,), g respects the edge capacities and

g=(g*,g7) € satisfies strong flow conservation at all nodes until £ + ¢,

K = ’ Exix{+} | g5 =ae. 0, 9| =ae 0fa. ecEjiel
LP(RZ(MRZO) ge,z [E4e,00) e 0 9671 [Ededre,00) &€ .a. ; )

Oforalle:vwEE,iEIwithwEViT

(28)

+ _
9.l ey =ne
as well as the correspondence

(g;_, h..) is a Vickrey flow until £ + ¢ for all e € E' and
'K —25 g heK| hi(0)=0foralle=vweE,iclandalmost all € R>o 5. (29)
with L7 ,(0) < Lj, ;(0) + CZ(0)

The additional constraints in the definition of set K (compared to the set of candidates from our
proof idea) are there to ensure that the set K is (weakly) compact and that I'(g) is non-empty for any
g € K. It is easy to see that a fixed point of I is a partial IDE until £. So the main part of the proof
is to show that K and T satisfy the conditions of the Kakutani—Fan—Glicksberg fixed point theorem
(Theorem 2.56) which then guarantees the existence of such a fixed point.

Lemma 4.12. For any feasible network with locally p-integrable network inflow rates and any partial
IDE with locally p-integrable flow rates the set K is non-empty, convex, weakly and sequentially weakly
compact (i.e. (sequentially) compact with respect to the weak topology on LP(R>g)).

Proof. Convexity of K is clear since all constraints defining this set are linear. The set is non-empty as
well, as it contains at least the following flow: For any commodity ¢ € I and any node v € V'\ (V;f uT;)

we choose some edge e, ; € 0+ (v)\d~ (Vj) (such an edge must exist as otherwise v would be a dead-end
node for commodity 7). We then define g by setting

90.4(0) = {fe,i(e), 0 <&+,

0, else
and
;FZ-(Q), if g <¢
g:r,z(e) = u’U,i(H) + Ze’eﬁ—(v) ge_,z(e)v lf 0 € [ga § + E) and €= ev,i
0, else
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foralle € E, i € I and 6 € R>o. Since f_;, f; and u, ; are all locally p-integrable, g, and g:i
are so as well. As they have bounded support we even have Ge.is gjl € LP?(R>¢). Moreover, this flow
respects the capacities of all edges since f does so until £&. For the same reason it also satisfies strong
flow conservation at all nodes until . For [, £ 4 €) we show this flow conservation by distinguishing
three cases:

1. Case: v € V' \ (V;r U T;): Here, we have

uv,i(9)+ Z g;i(e):g:,,,i,i(e): Z 9;(9)

e€s—(v) e€d+ (v)
for all 0 € [€,€ +¢).

2. Case: v € T;: In this case we have g;(G) = 0 for all outgoing edges from v during [§,£ + ¢).
Hence, strong flow conservation holds at v since v is a sink.

3. Case: v € Vf: Here, we also have 9:1(9) =0 for all e € 6" (v) during [¢,£ + ¢). Thus, we have
to show that we also have u, ;(f) =, 0 and g;i(ﬁ) =a.c. 0 for all e € 67 (v) during that time.
The first part holds since the network is feasible. The second part follows directly from our
definition of g= for 8 > & + 7, so we only have to consider times 6 € [, + T.) here and,
in particular, only those edges with 7. > 0. For those edges Proposition 3.66 ensures that
we have g_,(0) = f.;(0) = 0 for all § < § + 7. (note that there must be some time §' < §
with T/ (¢') = € + 7. and then f is an IDE until ¢ and (f;'_, fe..) a Vickrey edge flow until

&-/ + Qe(fl))

The remaining constraints follow directly from the definition of g. Thus, we have g € K.

Finally, K is weakly compact since it is convex, bounded (both network-inflow and edge outflow
rates are bounded — thus, the edge inflow rates are bounded as well due to strong flow conservation
at the nodes) and closed (with respect to the strong topology) subset of a reflexive space (cf.
Proposition 2.41). Sequential weak compactness then follows as well since K is a subset of a normed
space (cf. Proposition 2.35). O

Lemma 4.13. For any feasible network with locally p-integrable network inflow rates and any partial
IDE with locally p-integrable flow rates the mapping T has a closed graph (with respect to the weak
topology) and non-empty convex images.

Proof. We first note that for any g € K and h,h’ € T'(g) we have h™ =, .. h’~. This is, because for
Vickrey edge flows the outflow rates are uniquely determined by the edge inflow rates (cf. Corollary 3.43).
Convexity of T'(g) is then obvious as the other constraint defining I'(g) is just a linear constraint.
To show I'(g) # () we can find an element in I'(g) by defining all h_; on [0, + € + 7] such that all

(g: .+ he.) are Vickrey edge flows until £ + ¢ (this is always possible by Corollary 3.43) and set them
to zero on [ + & + T.,00). This, in particular, implies h

e’l‘[07€+7_e) a.e. Jejs 0,6472) simmce we nave

9:,1|[075) = :i|[0,§) and f is a Vickrey flow until £.

In order to define hjz we first observe that for any commodity ¢ and any node v € V'\ (VZT uT;)
there will always be at least one outgoing active edge with respect to g (cf. Proposition 2.67¢)). Thus,
for any such node v we can partition [£,£ + ¢) into measurable subsets (M, ¢)ces+ () Such that for
every time 0 € [£,£ + ¢) we have

0eM,., = ec EJ).

We now define

£.(0), if o <¢
hEs(0) = Q i (0) + Yurcs- (o hea(0), i 0 € My e e =vw,0 € V\ (VI UT)
0, else
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for alle € E, i € I and 6 € R>(. This gives us locally p-integrable flow rates such that h™ only
uses active edges (with respect to g) until £ + ¢ and is zero afterwards. Strong flow conservation at
all nodes can be shown in essentially the same way as in the proof of Lemma 4.13: It holds until &
since we have (h, &) =~ (f,£) and the latter is a partial Vickrey flow. Afterwards, it holds at all nodes
veV\ ViJr by our definition and at all dead-end nodes v € Vj provided that we have h_,(#) = 0 for
all e € 6~ (v) and almost all 6 € [¢,{ +¢) (note that, again, we have u, ; =, 0 for all such nodes v as
the network is feasible). We show this by distinguishing two cases:

1. Case: £ 4+ £ < Te: In this case we immediately get h;i(ﬂ) = 0 for almost all § < & 4 ¢ since

(9. ho.) is a Vickrey edge flow until £ + & > 0 and, therefore, satisfies h.;(0) = 0 for almost
all 0 < 7.

2. Case: £ + € > Te: In this case we define ¥ := max {0 < £ | T.(0) < £ + ¢ }. By Proposition 3.66
we then have h,,;(0) = 0 for almost all 6 € [¢,Tc(¥)). If Te(J) = & + ¢, then we are done.
Otherwise, we have ¥ = £ and

(#) %
Ho(6+¢) < Ghe+e) D al(o?

He ((Te(§)) = He i (Te(0)),
where we used g € K at (x) and the fact that (g7, b ) is a Vickrey edge flow until £ +¢ at (#).
This, now implies h, ,;(#) = 0 for almost all 6 € [Tc(9),§ + ).

Thus, we have h € I'(g) and, therefore, I'(g) # 0.

It now remains to show that I" has a closed graph. We will accomplish this by showing that the
graph of I' is weakly sequentially compact using the continuity properties of the edge loading as well
as the mapping from flows rates to distance labels (Corollaries 3.45 and 3.46 and Proposition 3.63).

Since (LP(RZO)EXIX{ = })2 is a normed space, this is enough to show that the graph of ' is weakly

compact (cf. Proposition 2.35). Since (LP(Rxg)Z*/>{+~ })2 is Hausdorff with respect to the weak
topology (see Propositions 2.34 and 2.43), this implies that the graph of T is also weakly closed.

So, let (g™, h(™) € graph(T')Y" be a sequence in the graph of I'. We want to show that it has a
subsequence converging in graph(T"). Since K x K is weakly sequentially compact by Lemma 4.12
and Proposition 2.43, there exists a subsequence of (¢(™, h(™)) converging to some (g,h) € K x K.
By some abuse of notation we will also denote this subsequence by (g("), h(”)). We now want to show
that (g, h) € graph(I') or, equivalently, h € I'(g).

For any edge e € E we have A"~ = \I/§+E(g£ﬁ)’+) = WEte(gF) by Corollary 3.46, where Wéte

€.

g?’f N he.. and,

therefore, W™¢(g} ) = h_, as limit points in Hausdorff spaces are unique and LP(Rx0) is a Hausdorff

space with respect to the weak topology (cf. Proposition 2.34). Thus, h satisfies the first property
required of elements in I'(g).

Now, assume that h does not satisfy the second property, i.e. there exist somey > 0,e =vw € F,i € |

and a subset J C R> of positive measure such that we have h;i >0onJand LY, +v < Lj , +C?

:i, the edge flows (ggf)’+,géﬁ)’_) converges weakly to (g, 9..)

is the mapping from inflow rates to outflow rates. At the same time we have h

on J. As ggz)’+ converges weakly to g
by Corollary 3.46, the travel times Cg(") converge uniformly to C¢ by Corollary 3.45 and the

(n)
distance labels Lg/ﬂ. converge uniformly to Lg,’i for all v" € V' by Proposition 3.63. Thus, we have
()

(n) (n)
L, +3 <Lj,; +C¢

v,% w,t

on J for large enough n. But at the same time we also have fJ hZ?’*(()dg >0
for large enough n since hiz)’+ converges weakly to hj,i — a contradiction to (g("), h(”)) € graph(T).
Thus, we do have h € T'(g) and, hence, graph(T") is weak sequentially compact. This then implies,

as described before, that graph(T") is weakly closed. O

Lemma 4.14. Let N be a feasible network with locally p-integrable network inflow rates and (f,€) a
partial IDE in N with p-integrable flow rates. Then, for any ¢ > 0 there exists a partial IDE (g,& + ¢)
in N with p-integrable flow rates and which extends (f,€).
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Proof. LP(R>() equipped with the weak topology is a locally convex Hausdorff space (cf. Proposi-
tion 2.34) and, thus, so is LP(Rsq)"*1*{+ =} (equipped with the product topology). Lemmas 4.12
and 4.13 then allow us to apply Theorem 2.56 in order to obtain a fixed point g € K. The definition
of K then already ensures that g satisfies strong flow conservation at all nodes until £ + ¢ and that it
is an extension of (f,&), while g € I'(g) means that g is a Vickrey edge flow until £ + ¢ on all edges
and satisfies the IDE property until £ 4+ €. Hence, (g,& + €) is a partial IDE extending (f,&). O

With this extension lemma we now immediately get our first existence result for IDE:

Theorem 4.15. Let N be a feasible network with locally p-integrable network inflow rates for some
p > 1. Then any partial IDE with p-integrable flow rates can be extended to an IDE for all times. In
particular, there exists an IDE (for all times) in N .

Proof. We want to apply Theorem 4.6: So, let (f,&) be a partial IDE with p-integrable flow rates and
define
§={(g9,¢) € }—;EE(N') | (£,€) < (g,&), g has locally p-integrable flow rates } .

This set is clearly not empty (as it contains at least (f,£)). Furthermore, it satisfies property 2 due to
Lemma 4.14 and property 3 because of Corollary 4.11. Thus, Theorem 4.6 shows the existence of an

IDE (f,00) € §.
The existence of IDE now follows from the observation that the zero-flow is always an IDE until
£=0. O

Remark 4.16. It is interesting to note that this existence proof is largely independent of both the
underlying physical and the behavioural model. More precisely, we essentially only use the following
properties of our model:

e The edge dynamics induce a well defined edge loading function ®, (Corollary 3.43) which is
sequentially weak-weak continuous (Corollary 3.46).

e The distance labels are defined such that the mapping from flow rates to distance labels is
sequentially weak-strong continuous (Corollary 3.45 and Proposition 3.63).

e Changing a partial flow (f,&) after time & does not affect whether it is a partial IDE up to
time &.

Thus, the existence proof in this section should be easily adaptable to other models satisfying these
properties, e.g. flow dynamics induced by the linear edge delay model (cf. e.g. [CMO02, Section 4]) or
distance labels derived from other predictions depending only on the past flow (e.g. causal predictors
as defined in [GHKM23, Definition 4]).

4.3. Extension-Lemmas using IDE-Thin Flows

In this section we consider the case of networks with right-constant network inflow rates and show
extension-lemmas for partial flows with right-constant edge inflow rates® (by Corollary 3.44 such a
flow automatically also has right-constant edge outflow rates). By choosing the extension period small
enough we can then ensure that all in- and outflow rates are constant during this period. Thus, we can
describe the extension by a single value (instead of a whole function) for every edge-commodity pair.

In other words, the goal is to find a constant extension of a given partial IDE for some proper
interval. Such an extension is, therefore, completely determined by the length € > 0 of the extension
interval and for every commodity ¢ and edge e a number :1::71- > 0 denoting the constant inflow rate of

3Recall that for right-constant functions [f] € Lfoc (R>q) we always assume that we are using the unique right constant
representative of this equivalence class. In particular, we are allowed to evaluate such functions at individual points

(cf. Definition 2.20).
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commodity 4 into edge e during the extension interval. If (f,&) is the given partial IDE, the extension
(g9,€ + ¢) is then defined by

g0y {10 110 <
f, o> ¢ (30)

9. ; such that (gi_, g..) is a Vickrey edge flow

where the outflow rates are uniquely defined according to Corollary 3.43. This clearly is an extension
of (f, &) with queues operating fair and at capacity on all edges until £ + €. To ensure that it is also a
partial IDE (up to time £ + €) we have to verify that g satisfies strong flow conservation at all nodes
and only enters active edges between £ and £ + €. Since all edge in- and outflow rates are constant
right after £ and, therefore, all distance labels are linear for some time, it actually suffices to check
whether these two conditions hold at £ and whether they will continue to holds for the immediate
future. Then we can just choose € small enough such that this does not change before £ + €.

For flow conservation at the nodes we introduce additional variables z,; > 0 representing the

edge outflow rates for the extension interval [£,€ 4+ ¢). Given the edge inflow rates x:i and the
partial flow (f,€) we can compute these outflow rates as follows (cf. Corollary 3.44): For edges
e€ E%¢) ={e€ E|7.=0,q.(£) =0} with a current travel time of zero at time ¢ by
+
_ Ty Ve
P R — 31
' max{zd,v.} (81)

where we use x as shorthand for 3, ; :c:)j, and for all other edges e € E \ EY(£) by

Tei = feil8)- (32)

Note that, for (32) we assume that for edges with free flow travel time zero ( fj . fe..) is a Vickrey edge
until some time £ + 8 with 8 > 0. We can do this without any effect on the sought-after extension
g since for edges e with T.(£) > 0 the outflow rates of a Vickrey edge flow are already completely
determined by the inflow rates until time ¢ (Corollary 3.43). Flow conservation at nodes for the
extension interval then translates to the condition

dooalimuwa©+ Y (33)

ecdt(v) e€d— (v)

forallie I,v e V\T; and
Z rh <ug(€) + Z T (34)
)

e€dt(t) e€d—(t

for all sink nodes ¢ € T; (cf. Proposition 3.52).
For the IDE-condition of only entering active edges we first of all require flow to only enter edges
which are active at time &, i.e.

xr,=0forall e € E\ E(¢). (35)

However, this is not enough to guarantee for the IDE-condition to hold for any proper interval after £
as — depending on the edge inflow rates — waiting times may change and edges might become inactive
immediately after £ (note that the opposite, i.e. edges becoming newly active, is not a problem due to
the continuity of the travel times). To ensure that we only use active edges which also stay active for
some proper time interval we introduce another set of variables a, ; € R representing the derivative of
the node labels during the extension interval.

Note that, by Proposition 2.67a), we have L, ;(§) = oo for some time 6 if and only if we have
L, ; = co. Thus, we will define the derivative of such a constantly infinite function to be 0. We can
then compute these derivatives from the edge inflow rates (cf. Definition 3.60) by

Ay = min{ lee(xj)

ecp

p € Pyil§) } ; (36)
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forallie I and v eV \V, and
iy =0 (37)

)

forallie I and v € ViT. Here, 1. denotes the change of the waiting time on edge e depending on the
aggregated inflow rate x. (cf. Proposition 3.19b)), i.e.

e, if Qe(€) > 0

max{ Te — ] 0} else (38)

¢62R>0—)R,.’L‘el—>{

The condition that used edges stay active for some time after ¢ is can now be formally stated as:
= the(2]) 4 @y, for all e = vw € E with z7; > 0. (39)

Thus, finding an extension to a partial IDE with right-constant flow rates is equivalent to finding a
vector (27,27, a) € REX x REX! x RV*! satisfying egs. (31) to (37) and (39). This motivates the
following definition of IDE-thin flows in analogy to the thin flows with resetting for dynamic equilibria
introduced in [KS11, Definition 6]:

Definition 4.17. Let (f,£) be a partial IDE with right-constant flow rates and a Vickrey edge flow
for all edges and all times. Then a vector (z+, 27, a) € REX x REXT x RV*! an IDE-thin flow for
(f,€) if it is a solution to the following system of equations: B

+
Ve
T = for all i € I,e € E°(¢) (31)
P max{xzd,v. }
., =f; forallie I,ec E\ E° 32
€, fe’[ 5 ) g
Z xzz:uvy- Z x, forallie I,ve V\T; (33)
e€dt(v) e€d—(v)
> at <wua(9) Z x; forallie It T, (34)
ecdt(t) e€d—(t)
le =0 foralle € E\ E;(§) (35)
(y; = min{ > delad) |p € Puil9) } forallie I,veV\V/ (36)
eEp
Gy =0 forallie I,v e ViJr (37)
Ay,i = Ye(z] )+awzlfl’ >0 forallic I,v e V,e=vw e it (v). (39)

Remark 4.18. Tt should be noted that, in contrast to the thin flows with resetting in the full information
setting, the values z7, of our IDE-thin flows do not form a static flow in the given network. This is
because, with the exceptlon of edges of free flow time zero, there is no direct connection between the
inflow and outflow rates of any edge at time &.

Our goal for the rest of this section will now be to first formally show that IDE-thin flows can
always be used to extend partial IDE with right-constant flow rates and then derive extension-lemmas
from this by providing sufficient conditions for the existence of IDE-thin flows. Our first step on this
path is to collect several basic properties of IDE-thin flows:

Proposition 4.19. The property of being an IDE-thin flow is well defined for partial flows, i.e. if
(f,&) =~ (f',€) are two equivalent partial flows, then any vector (z*,z~,a) is an IDE-thin flow for
(f, &) if and only if it is an IDE-thin flow for (f',£).

Proof. This immediately clear for eqs. (31), (33) to (37) and (39) since the sets E°(¢) and E;(€) as
well as the queue length at time ¢ are completely determined by the inflow rates on [0,&) and the
outflow rates [0, + 7¢). For eq. (32) it follows from Corollary 3.43 since for (32) we assume that f_; is

defined on some slightly larger time interval [0,£ + 3) in such a way that (f., f..) becomes a Vickrey
edge flow until £ + 8 > £ in case we have 7. = 0 (and equivalently so for f). O
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Proposition 4.20. Let (z7,27,a) be an IDE-thin flow for some partial IDE (f,€) and i € I any
commodity. Then (am)vev\w are node labels in the active subgraph G(§) = (V\V;f’ E[V\VZT] NE;(§))
with edge costs (1he(xl))ecric(e) satisfying the properties a) to m) in Proposition 2.67.

Proof. Since f satisfies weak flow conservation until £, we get from Proposition 2.671) (cf. Remark 3.61)
that P, ;(§) contains exactly those v, T;-paths consisting exclusively of edges in E;(§). Thus, (36) is
equivalent to the definition of node labels in G(&) with edge costs (Ve(2]))eeric(e)-

Moreover, for any cycle ¢ in G’ we have C.(£) = 0 by Proposition 2.67h) and, therefore, C.(§) =0
for all edges e € c. This, in turn, implies ¢, (z}) > 0 for all such edges. Similarly, we have C},(§) =0
for any T;, T;-path in G’ by Proposition 2.67k) and, hence, C.(§) = 0 and t.(zF) > 0 for all edges e
on such a path. Thus, all the properties a) to m) in Proposition 2.67 hold for (avai)veV\vj as well. [

Proposition 4.21. The mapping

Rgél — RY*X (2] e+ (ay;) such that (x7,a) satisfy egs. (36) and (37)

e,
1s well defined and continuous.

Proof. By Proposition 2.67b) the set P, ;(£) is non-empty for any node v € V\VJ. Thus, the minimum
in (36) is well defined for any such node as it is taken over a finite non-empty set. This already shows
that the given mapping is well defined. Continuity then follows directly from the continuity of the
function . which, in turn, follows directly from its definition (see (38)). O

The following proposition now states that there is indeed a one-to-one correspondence between
IDE-thin flows and constant extensions of partial IDE with right-constant flow rates.

Proposition 4.22. Let (f,£) be a partial IDE with right-constant in- and outflow rates which is a
Vickrey edge flow for all times on all edges in a network with right-constant network inflow rates.
A wvector zt € Rggd defines a non-trivial constant extension of (f,€) via (30) to some partial IDE

(9,€ + ¢) if and only if there exist vectors ©~ € Rgél and a € RV*! such that (xF,27,a) is an
IDE-thin flow for f at &.

In this case we have g, ,(0) = z_,

i and OLY ;(0) = a,; during the extension period.

Proof. Sufficiency: Given an IDE-thin flow (x %, 27, a) we first want to determine some ¢ > 0 such
that a constant extension is possible for an interval of length . First, we need to ensure that
the edge outflow rates do not change during the interval:

€1 = min{max{ g < C.(8) ‘ fei Eeter) constant } ‘ e€ E\ E°®¢) }
Similarly, the network inflow rates should stay constant for our extension interval:
€9 = max{ e >0 ’ uv,i|[E eter) is constant for alli € I[,v € V }

Next, no queues should deplete during the extension period (as this changes the rate at which
the travel time along that edge changes):

egi=sup{e >0|Qc(&) +¢&(xf —ve) >0forall e € E with Q.(£) >0}
Finally, we have to ensure that no path becomes newly active during the extension interval:

Lv,i(g) + 5/ . av,i S Cp(f) + 5/ : (Ze&p ¢e($j)) }

= I>
&4 max{ e20 ‘ for all ¢ € I,v € V and all non-active v, T;-paths p for ¢ at time &

We now choose ¢ := min{e1,¢e2,e3,e4 }. This is a strictly positive number since all four ¢ are
positive:

e £ > 0 because the edge outflow rates of f are assumed to be right-constant and by the
definition of the set E°(¢) we have C.(£) > 0 for all e € E°(¢),
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e c5 > ( because the network-inflow rates are assumed to be right-constant,

e c3 > 0 because the left side of the inequality is continuous in &’ and strictly larger than 0
for &/ =0 and

e ¢4 > 0 because both sides of the inequality are continuous in &', the inequality is strict for
¢’ =0 (by the definition of (non-)active paths).

We will show that extending (f,&) by constant edge inflow rates (:c:l) for [¢,€ + €) results
in a partial IDE (g,€ + €). By construction ¢ is already a Vickrey edge flow on every edge.
Furthermore, since we have (f,&) < (g,& + ¢) (cf. Observation 4.4), we also know that the
IDE-property and strong flow conservation at all nodes holds until £. Thus, it suffices to check
that these two properties also hold during the extension interval. For this, we show that during
the extension interval [§, { + €) the variables a, ; and x_; fulfil their role correctly:

Claim 5. Foralli€ I, e€ E, v eV, paths p and 6 € [£,£ + €) we have
ge_,i(e) =T

Q2(0) = Qe(&) + (0 — &) - ve - Ye(ad),

CP(0) = Cp(§) + (0 — §) Do ey Ye(ad) and

L7,:(0) = Lyi(§) + (0 = &) - av,i.

Proof. Outflow rates: For all edges e € E°(¢) we have

- () Cor._3.44 g;(f)ve (30) xZiVe (31)
Jeii max { g& (€),ve } max { ', v, }

For all other edges e € E \ EY(£) we have

T,

(32)

g;i(e) = f(;z(e) = f;(ﬁ) = T4

where the second equality holds since € was chosen such that f; ; s constant on [£,{ +¢)
and the first equality holds by Corollary 3.43 since we have

TIE) =64+ CHO) >E+e,>E4+e>0

by our choice of €.

Queue lengths: This follows directly from Corollary 3.43 and the definition of . and the fact
that we chose € such that no queue depletes before time £ + e:

Qo (9) Cor 3 { QIE) + (0 —&vemax{zf — v, 0}, fQI(E) =0
¢ QL&) + (0 — Ore(xd —ve), if Q2(¢) >0
(38)

= Qe(&) + (0 — Ovete ().

Path travel times: This follows directly from the the previous result for the queue length
functions: For all paths p and times 0 € [§, £ + €) we have:

Ca) =3O =3 (e + E2) =3 (re + L 4 (0 - ()

ecp ecp ecp
=D Cel@) + (0 -6 D ve(ad) = Col(&) + (0 =) Y_we(a).
ecp ecp ecp
Node distances: Here we distinguish between two cases:
1. Case: v € Vf: Then there are no v, T;-paths and, thus, we have

Prop. 2.67a) 0 Prop. 2.67a),(

Lg,i(a) o Lyi()+(0—&) - ay,;

forall 0 € [, +¢).

00 = 00+ (60— €)
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2. Case: v ¢ Vf: Then the set P, ;(§) is non-empty by Proposition 2.67b). In particular,
there exists a v, T;-path p with

p € arg min Z Ye(zl) | P € Py i(§)

ecp’

Using the previous result on path travel times and the fact that p is active for
commodity 7 at time £, this path then satisfies

C2(0) = Cp(©) + (0 — ) S velad) 2 Cpl&) + (8 = Qv = Lus(€) + (6 — ays.
ecp

We now want to show that p remains active for the whole interval [£, £ +¢). So, take
any other path p’ € P, ;(§) and observe that by the choice of p we then have

C(0) = Cy(&) + (0 =) D be(ad) 2 (&) + (0 - &) D_we () = CJ(0)
ecp’ ecp
for all 6 € [£,€ + ¢). On the other hand, for any v, T;-path p’ not active at time &
the choice of ¢4 guarantees
C5.(0) = +(0 =)D velad) = Loi(§) + (0 — ©)ay,; = CI(B).
ecp’

Thus, p remains active for the whole interval [¢, £ 4 €) and, therefore, we have
forall 0 € [, +¢). |

With this claim strong flow conservation at the node now follows directly from eqs. (33) and (34)
(note that the choice of €3 ensures that all network inflow rates are constant on [£,£ + ¢€)).
Similarly, the IDE-property now follows directly from eq. (39) as for any edge e = vw with
positive inflow of commodity ¢ during the extension interval we get:

L9,(6) 7 L, () + ( i 2 Loi(€) + (0 — ) (we(ad) + aus)
C“=““” i)+ (Q <> Qe(€)) + LY ;(8) — Ly i(€)

Ve

)= (L2 4 Lyi(0)) + 4,,(0) + L2

. o+ L4, ,(0) + QU(0) = C2(0) + LY, ,(0),

for all 6 € [£,£ + ) which shows that e is active for commodity ¢ during the whole extension
interval.

Neccessity: Let (f,£) = (9, + €) be two partial IDE with right-constant flow rates and ¢ > 0
chosen such that we have g:if[g cre) = 5'32_2 for all e € £ and i € I. We define vectors (z, ;)

and (a, ;) by setting z_; = g_,(§) and a, ; = 94+ L] ;(§) and claim that (z*,27,a) is then an
IDE-thin flow for (f,£). As in the proof of Proposition 4.19 we observe that Ef (&) = E?(¢) and

E%J(¢) = E%9(¢) since f and g coincide until . Thus, we will not distinguish between those
sets for f and ¢ in the following proof and drop the corresponding index.

(31): Let e € E°(€) be an edge with zero travel time at ¢ and i € I any commodity. Using the
fact that g is a Vickrey flow until £ + ¢ (in particular the queue on edge e operates fair and
at capacity) we get

(15) _ .g;i(f) (6) min y g:z( )
i g e ©red Uiy
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gi,i(ﬁ)ve x:z Ve

N max{gj({),ye} N max{xj,ye}.

+ .
T Ve

if gf () >0andz_;, =0= directly from (15) if z7 = gF (&) = 0.

max{ wj’ Ve }

(32): Let e € E'\ Eg be an edge with non-zero travel time at £ and ¢ € I any commodity. Then
the edge outflow close to time £ is not affected by changes of the edge inflow at or after
time £ (cf. Corollary 3.43). Thus, we have

x;i = 9;1(5) = f;,l(@

(33),(34): Since g is a Vickrey flow until £+¢, (33) and (34) follow directly from Proposition 3.52.
(35): This follows directly from the fact that g is an IDE until £ + €.

(36): Since g is a Vickrey flow until £ +¢ > £ with constant edge inflow rates x} during [¢, £ +¢),
Proposition 3.22 guarantees the existence of some 8 € (0,¢] such that all queue lengths
functions and, consequently, all node label functions are linear on [£,£ + ). For any
v, T;-path p we can then compute the current path travel times during this interval by

C3(0) = 3 (ro + L) Pt S (4 249 4 (9 gy (7 (€))

ecp ecp

=Cp(O) + (0= te(ad).

eep

Furthermore, we can even choose 8 small enough such that there is a v, T;-path p € P, ;(£)
which is active for the whole interval [¢,{ 4+ 8). Then we have for any path p’ € P, ;(£):

Cor (&) + (0= > ve(zl) = C%(0) > CY0) = Cp(&) + (0 — &) > te(a)

and, therefore,

D belzd) 2 Y velal)

ecp’ ecp
Thus, we have
ay; =0+ L9 (€) = 01CJ(&) = D elal) <Y elad)
ecp ecp’
for all p’ € P, ;(§).

(37): This follows directly from Proposition 2.67a) and our convention that the derivative of a
function which is constantly infinite is 0.

(39): Let e = vw be any edge with x;"l > 0 for some commodity . Since the IDE-property holds
for g until £ 4 €, we must have

Lg

v,%

(6) = CZ(0) + Ly, ;(6)
for all 0 € [£,& + €) and, therefore,

i = 0417 ,(6) = 0.09(6) + 0,1, (&) = L) 15 19 () D yo(at) + au

€

Thus, (7,27, a) is indeed an IDE-thin flow for f at &. O

With this proposition we have now reduced the existence of IDE-extensions for partial IDE with
right-constant flow rates to the existence of IDE-thin flows. We will show existence of such IDE-thin
flows in Subsections 4.3.2 and 4.3.3. Before that, however, we will introduce and additional framework
which will allow us to break down existence (and, later, computation) of IDE-thin flows further down
into smaller subproblems.
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4.3.1. IDE-Thin Flow Augmentation

The goal of this section is to show how under certain assumption we can split a given network into
an “inner” and an “outer” part such that we can augment any IDE-thin flow for the inner part to an
IDE-thin flow for the whole network. More precisely, let ' be a network and (f,€) be a partial IDE
in A with right-constant flow rates. We then consider a partition V' = V UV of the node set into
inner nodes V and outer nodes V satisfying the following two assumptions

() Vi e I:67(V)N E;(€) =0 and
(i) Vi € I:6~ (V)N E°&) N Ei(¢) = 0.
Note that it is explicitly allowed here that one of the two sets may be empty.

Example 4.23. Consider an urban area with a central city (the inner part) and surrounding suburbs
(the outer part). If we want to model the morning rush hour traffic it might be a reasonable assumption
that there are only three types of travellers: Travellers with origin and destination either both inside
or both outside the city and travellers with origin outside and destination inside the city. In this
situation it might very well be the case that there are no relevant (=active) routes which leave the
city at some point and, thus, assumption (i) would be satisfied.

Another example could be the holiday traffic at the start of the summer holidays in Bavaria where
(at least according to folklore) everyone is travelling southwards and, thus, every split of the road
network between a northern and a southern part would satisfy assumption (i).

From a more mathematical point of view networks which always allow partitions satisfying as-
sumption (i) are single-sink networks and acyclic networks with strictly positive free flow travel
times.

We now define the restricted inner network

N = (G[V], T|E[V] , I/|E[V] a, (T;NV))
where ,,; = Uy + Eee(ﬁ(\?)mé—(v))\EO(f) fe; defines the network inflow rates of the inner network.

Assumption (ii) ensures that in any IDE extension of (f,&) the outflow rates of all edges in 6~ (V)
remain unchanged for some time after £&. Thus, the adjusted network inflow rates , ; for the inner
network ensure that any IDE-thin flow for the inner network already satisfies the flow conservation
constraints at nodes when considered as part of an IDE-thin flow for the whole network. Assumption (i)
guarantees that at time £ all active paths starting at an inner node remain within the inner network.
This, in particular, allows us to speak of IDE-thin flows for ( f| GIV] ,€) in the restricted network N
Additionally, it also allows us to describe the v, T;-paths for outer nodes v by introducing for any node
v € V and commodity i € I the following two sets:

P+(§) {p, ‘pavaath wEV\VTpCEﬂE(ﬁ)}

denotes the set of prefixes of active v, T;-paths ending with an active edge connecting the outer and
the inner part of the network while

P, = {p € P, (¢ ’ all nodes on p are in V }
denotes the set of active v, T;-paths completely within the outer part of the network. The following

lemma now explains how these two sets are related to the set v, T;-path (in the full network):

Lemma 4.24. Let (f,£) be a partial flow, V =V U V a partition satisfying assumptions (i) and (ii),
(zT,%,a) an IDE-thin flow for (flepn »€) in N, 2t € RE 2o some vector and 2 =3~ © 3t € R
Then the following holds for any commodity i € I:

a) For any p € Py i(€)\ Pyi(€) there exists a pair (p/,w) € Pvfi(f) such that

S we(@d) > awi+ Y (@l

eep ecp’
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b) For any pair (p',w) € P;fl-(f) there exists a path p € P, ;(§) with

> e(ad) = dwi+ Y beld])

eEp ecp’

Proof. a): Take any path p € P, ;(€) \ P,.(€). Due to assumption (i) we can subdivide this path as
p=p,p" where p’ only uses edges in E[V [V] and p” only uses edges in E[V]. Furthermore, let
w € V be the node where the two subpaths connect. Then, we have p”’ € P, :(§) and, thus,

w ¢ ViT by Proposition 2.67b). Furthermore, Proposition 2.671) ensures p’ C E;(§) and, therefore,
(p',w) e P;fi as well as

S elwt) = 3 be@) + 3 i) D s+ Y )

eEp e€p” ecp’ ecp’

b): Take any pair (p',w) € P,;(¢). Then, due to (36), there must be a path p” € P, ;(£) with
Qi =, ecp” e (E]). Since assumption (i) guarantees that p” does not leave the inner network,
p = p/,p" is still a simple path using only active edges and, thus, we have p € P, ;(§) by
Proposition 2.671). Additionally, we have

Z%(Ij) = Z Ye(23) + Z Ye(EF) = duw,i + Z Ye(2F). O

eEp ecp” eep’ ecp’

We can now formally describe the conditions a vector (27,47,a) € REXI X REXI x RV*! must
satisfy such that we can use it to augment a given IDE-thin ﬂow for the inner part of the network.
Here, we denote by E := E \ E[V] the set of edges which are not part of the inner network.

Definition 4.25. Let (f,&) be a partial IDE with right-constant flow rates in some network A" with
right-constant network inflow rates. Furthermore, let V =V U V be a partition of the node set of N/

and (#%,77,a) € R]ZEBV]XI X RZB I RV an TDE-thin flow for (flapn»€) in N.

Then a vector (27,27, a) € Rfél XRJE(TI xRV *! is an IDE-thin flow augmentation of (#%,27,a)
if it satisfies the following equations:

~+

B A
A= €,t € 0 N
:Eai = m fOI' 3,11 e c E (g) n E (31)
;= 1,09 for all e € B\ E°(¢) (32)
Sooafi=u O+ ) i, forallie ILve V\T, (33)
e€dt(v) e€d— (v)
Yooahi<ua©+ Y i, forallie I,teT,NV  (34)
ecst(t) e€d—(t)
it =0 for all e € B\ E;(€) (35)

{ i + oy Ve(d) ‘ (p,w) € PJ(€) } forallie LLue V\V (36)

Qy; = min R
U{ Coep ¥el@?) | p e Pral©) }
Gy,i =0 forallie LLve VNV (37)
o = Ve(&F) + G, iF 27, >0 forallic I,veVand (39a)
e=vw €5 (v)\d (V)
Goi = Ve(&F) + Gu iF 27, >0 forallieI,v eV and (39b)

e=vw € s (v)Nd (V).
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Intuitively, the defining constraints for an IDE-thin flow augmentation are just the general IDE-thin
flow constraints specialised to nodes in the outer part of the network (under the assumption that
(zT,%7,a) already is an IDE-thin flow for the inner part). Thus, it should not be surprising that
combining an IDE-thin flow for the inner network with an IDE-thin flow augmentation gives us an
IDE-thin flow for the whole network. The following lemma shows that this is indeed the case:

Lemma 4.26. Let (f,£) be a partial IDE with right-constant flow rates in some network N with
right-constant network inflow rates and V.=V UV a partition satisfying assumptions (i) and (ii). Let
(zT,%7,a) an IDE-thin flow for (f‘G[V] &) in N and (2%,27,a) an IDE-thin flow augmentation for
(ZF,37,a).

Then (x%,z7,a) = (FT,27,a) ® (27,27 ,a) is an IDE-thin flow for (f,&) in N.

Proof. We first note that, since there are no active edges leaving G[V] at time ¢ (assumption (i)),
all active paths from nodes in V also stay inside G[V]. Thus, the sets of active paths from nodes in
the inner network and, consequently, the sets of active edges within the inner network are the same
regardless of whether we compute them with respect to (f,£) in the full network or with respect to
(f |G[‘~/] ,€) in the inner network. Therefore, we do not need to distinguish between these two types of
sets in the following proof.

(31),(32) and (35): For edges in E[V] these are satisfied because (#*,77,a) is an IDE-thin flow in
the restricted network. For all other edges they are satisfied because (£,27,a) satisfies the
equivalent constraints (31), (32) and (35).

(33): For nodes v € V '\ T; this constraint is the same as (33) for (2,4, a). For nodes v € V' \ T} we

have
POIEE D DI R D DR N D D
e€dt(v) et (v)NE[V] e€dt (v)NS+(V) €6 (v)
(33) . - — -
= uv,i(g)—’_ Z xe,i :Uv,i(£)+ Z fe,z(§)+ Z xe,i
e€d g (v) e€(6+(V)Ns— (v)\E°(£) e€s= (v)NE[V]
SR D D D I
e€(6+(V)NG— (v))\EO(€) e€d— (v)NE[V]
P i) + > Bt > R D DR
ec (5T (V)Nd— (v))\E°(¢) e€d+(V)NS— (v)NEO(£) e€d— (v)NE[V]
—u O+ 3w

e€d (v)
(34): This constraint holds for the same reasons as (33) (just using (34) instead of (33) for the inner
IDE-thin flow).

(36): For nodes v € V this is the same as (36) for (*,2Z7,a) in the restricted network since, as
mentioned at the beginning of the proof, assumption (i) ensures that the set of active v, T;-path
is the same with respect to the inner network and to the whole network. For nodes v € V this
follows from (36) using Lemma 4.24a) and b):

G = g 2 mm({awﬂrzwe w) € Pi(¢ } {Zwe |p€Pm(£)}>

eEp e€p

Lem. 4.24a)b) ({;d)e )p € Poi(§ } {;we per(f)}>
= min { > delad)

ecp

pE Pu,l(f) } .
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(37): This is just the same as (37) for (z+,%,a) and (37) for (t,2,a), respectively.
(39): This is the same as (39) for (1,4, a) and (39a)/(39b) for (2+,2,a), respectively. O

Remark 4.27. It is not hard to see that the reverse direction of Lemma 4.26 holds as well, i.e. in
the situation of this lemma any IDE-thin flow for (f,£) in A/ can be split into an IDE-thin flow for
(flgp-€) in N and an IDE-thin flow augmentation for it. However, we will not need this direction
and, therefore, omit a formal proof for it.

Before we can now show the existence of IDE-thin flow augmentations (and, therefore, of IDE-thin
flows), we need one more technical lemma:

Lemma 4.28. Let (f,£) be a partial IDE with right-constant flow rates in some network N with right-
constant network inflow rates. Moreover, let V.=V UV a partition satisfying assumptions (i) and (ii),
(%,%7,a) an IDE-thin flow for (f\G[V] &) in N and i € I some fized commodity. Now let, additionally,
(#%,a) € Rgél x RV*! be any vector satisfying (36) and (37) and define (zF,a) == (#+,a) ® (27, a).

Then for any node v € V \ (T; U V:) there exists an edge e = vw € 6 (v) N E;(€) with a,; =
Ve(TF) + Qu,i-

Proof. We define a new graph
G = (V\VU{t},E(§) \EVIU{ot [veV\V})

together with edge costs

Ay i for e = vt

- {we(:ﬁ) for e € E,(¢) \ B[V]

Claim 6. (av»i)ve\/\vf ®(0)yeq¢y is a vector of node labels for G with respect to (ve) and T = T;U{t}.

Furthermore, G does not have any dead-end nodes and every cycle in G has non-negative total costs.

Proof. We show that (a”vi)UGV\V.T © (0)yeq+} is a vector of node labels by a case distinction on the
node v: '

1. Case: v = t: Since t is a terminal node with no outgoing edges in G the empty path is the only
t, T-path and, thus, the node label at ¢ must be 0.

2. Case: v € V' \ ViT: Here Assumption (i) ensures that vt is the only edge leaving v in G and,
hence, also its unique v, T-path. Consequently, the node label of v must be v,; = @y, = @y .

3. Case: v €V \ ViT: Let p be any v, T-path in G. If all nodes on p are from V, then we have
p € P,,;(£) and its cost with respect to (7,) is D ey Ye(zd). Otherwise, p either ends at some
node w € VNT; or with an edge wt for some node w € V. In both cases we have (p’,w) € le(f)
with either p = p" or p = p’, wt and the cost of p with respect to (Ve) I8 Guw,i + D ., Vel ).
For the case of w € V N T; we use here that (&*,4~,a) is an IDE-thin flow for (flgp-€) in
N and, therefore, we have dy,; = 0 by Proposition 2.67j) (cf. Proposition 4.20). In conclusion,
defining a,, ; by (36) is equivalent to the definition of the node label in G with respect to (Ve)-

To see that there are no dead end nodes, we first observe that any node in V U {t} has a path
towards the terminal node ¢. For any node v € V \ ViJr there exists at least one path p € P, ;(§)
according to Proposition 2.67b). This path then either uses only edges in E or it uses at least on edge
in E[V] In the former case p is a v, T-path in G. In the latter case let p’ be a prefix of p ending in
some node w € V. Then p/, wt is a v, T-path path in G.

Finally, let ¢ be a cycle in G. Since there are no edges leaving ¢ in G such a cycle must lie completely
in E;(£). Thus, all edges on ¢ have a current travel time of zero by Proposition 2.67h) (apphed again,
to G with respect to (Ce(€))). This, in turn, implies Q.(§) = 0 and, therefore, 1.(z) > 0 for all
e € c. Thus, we have Y . e = > . e(zd) > 0. |

86



Now, take any node v € V \ (T; U V:) Then, applying Proposition 2.67¢) and g) to G with respect
to (7e) (which we are allowed to by Claim 6) provides us with the required edge e = vw € 6% (v) N E;(&)
satisfying a, ; = Ve () + au,i- O

4.3.2. IDE-Thin Flows via a Fixed Point Theorem

We will now show the existence of IDE-thin flow (augmentations) in essentially the same way that we
showed existence of IDE-extensions for general flow rates in Section 4.2: That is, we define a set K
of candidates using only the “easy” constraints from the definition of IDE-thin flow augmentations.
Next, we define a mapping I' which gives us for any such candidate (z7,27) € K the set of candidates
(y*,y~) € K such that (z7,y~) satisfies the IDE-thin flow constraints missing in the definition of K.
Finally, we apply Kakutani’s Fixed Point Theorem to deduce existence of a fixed point of I" which
is then our IDE-thin flow (augmentation). Note that for finite dimensional Banach spaces (which is
what we are considering here) weak and strong topology coincide (cf. [AB06, Theorem 6.26]) which is
why we can just use the standard topology on R™ here.

Lemma 4.29. Let (f,€) be a partial IDE with right-constant flow rates in a feasible network with
right-constant network inflow rates. Moreover, assume that f is a Vickrey edge flow for all times on
all edges, let V.=V UV be a partition satisfying assumptions (i) and (ii) and (¥*,%~,a4) an IDE-thin
flow for ( flapy &) in N.

Then there exists an IDE-thin flow augmentation for (*,%7,a).

Proof. We want to show the existence of a vector (&7,27,a) € REXT y REXI  RVXI satisfying
constraints (31) to (39b), i.e. an IDE-thin flow augmentation, by using Kakutani’s fixed point theorem
(Theorem 2.56). To do so, we first define the set

(#F,27) satisfies (32), (33), (34), (35), &,

i 3 <v.fa.ecEiel
K=" 47) e RIXE « RIXE L — ¢ ’ .
{(m ) 20 20 andﬁc;—zizizoforalliel7e:vw EwithwEViJr

Since all constraints defining this set are linear, it is clearly convex and closed. Furthermore, it is
bounded as all #_, are bounded by v, and then all #, are bounded by (33) and (34). Finally, to

e,: e,

show that K is non-empty we can construct an element of K as follows: We set &_, == f_ (&) for all

eec E\ E°¢) and i, =0forallec ENE°¢). Since f respects capacity, we then have T, < Ve
Moreover, we have &}, = f.;(€) = 0 for all e = vw € E '\ E°(€) with w € V" by Proposition 3.66.
Thus, (32) as well as the two additional constraints of K are already satisfied.

For defining 50:’2. in such a way that (33), (34) and (35) hold as well, we look at all edges leaving a

common node v € V at once and distinguish three cases:

L If v € T;, we set 2, == 0 for all e € 61 (v).

2. Ifv e ViT, we have u, ;(£) = 0 since the network is feasible and f_;(€) = 0 for all e € 6~ (v)\ E°(€)
by Proposition 3.66. Thus, we can set ;ﬁ:z =0 for all e € 6~ (v).

3. fvé¢T; U ViT, then we must have 67 (v) # () and, therefore, Proposition 2.67¢) guarantees the
existence of least one active edge leaving v. We pick one such edge ¢’ = vw € §t(v) N FE;(§) C
and define 332_'1 = Uy (§) + Zeeé,(v)\Eo(g) fe.i(§) for this edge and i‘:l = 0 for all other edges

e e dt(v)\{e}. Since v ¢ V' and ¢’ is active, we have w ¢ V| as well due to Proposition 2.67a).

The vector (Z1,27) defined this way is now clearly an element of K i.e. a witness for K # 0.
Next, we define a mapping I' : K — 2% by setting

-
A Le,ile 0 A

TGET,e7) =4 (§T.07) e K Yesi = manl o 00y for all eAE E°(€) N E and ’
gd;=0forall e = vw € E with ay; < ¥e(&]) + aw,
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where (a, ;) is the node labels corresponding to (#F,4~) according to egs. (36) and (37) for nodes
v € V and the node labels Gy,i of (#%,57,a) for nodes v € V. Since the constraints on (j*,§~) are

linear (for fixed (£7,%7)), these sets are clearly convex. They are also non-empty, as for any given

ot

2] Ve

max{ 23 ,v. }
for all e € E°(&) N E and g, = f_;(§) for all e € B\ E°(£). Observe, that, in both cases, these
9., then satisty g, < ve (in the former case by construction and in the latter case since f respects

(2*,27) we can define an elements (§7,9~) € ['(2*,27) as follows: First, we set §_, =

capacity) and we have ., = 0 whenever e € 6~ (w) for some w € ViJr (in the first case because then
we also have :2';1- = 0, in the second case due to Proposition 3.66). For defining ;z]::i we again look at

all edges leaving some node v € V at once and distinguish four cases:

L IfveT;or uyi(€) + Xees—(v) Yes = 0, We set go;=0forall e € 6F(v).

2. If v ¢ T; and u, (&) > 0, we have v ¢ Vf since the given network is feasible. Lemma 4.28 then
ensures that that there exists an active edge ¢/ = vw € 57 (v) N E;(€) with ay; = Ve (87) + au -
Thus, we can set ;&;Cl = 0,i(€) + Xees (v) Ui and g2 =0 for all other edges e € 67 (v) \ {€’ }.

Since v ¢ V;' and ¢ is active, we have w ¢ V' as well due to Proposition 2.67a).

3. If v ¢ T; and §j;; > O for some edge e € E°(£) N6~ (v), we must have 2, > 0 as well and,

therefore, v ¢ ViT since (#%,27) € K. Thus, we can proceed to define f[/jl for the edges e € 57 (v)
in the same way as in the previous case.

4. If v ¢ T; and f_,;(§) > 0 for some edge e € 6~ (v) \ E°(&), we have v ¢ Vj by Proposition 3.66.
Hence, we can again proceed as in the second case.

Clearly, any vector (§T,4~) defined this way is an element of I'(Z™, 2~ ) which is, therefore, non-empty.
Finally, we need to show that T has a closed graph. Thus, let (&7, 27" ™™ §7™) be a sequence

in REXT x REXT x REXT 5 REX! with (#F,47) € K and (§77,§~") € D(@"", ") for all n € Ny
converging to some vector (27,27, 97, 97). As all (27", 27") and (§", ") are elements of the

compact set K, so are their limit points (#+,%7) and (§7,77). Let a® € RV*! be the sequence
of node labels associated to (2", ") via egs. (36) and (37). Since the mapping (2+,27) — a
is continuous by exactly the same argument as in the proof of Proposition 4.21, we know that
a = lim,, a” is the vector of node labels associated with (Z%,27). Now, assume for contradiction that
(97,97) ¢ T(27,27). There are then two possible reasons for this — both leading to a contradiction:

x

=i’ for some e € E°(¢), then due to the continuity of both sides, there

max{ ij7”6 }

o If we have j_, #

~+,n
g Ve

must be some n € Ny such that §_;" # which is a contradiction to (§77,§7") €

max{ 23 ", ve }’

(27", 27") — note here, that the set EY(¢) is independent of n.

e If we have g):i > 0 for some edge e = vw with a,; < ©¥.(ZF) + aw,, then, again because of
continuity, we must also have yf;’j >0 and ay ; < e (™) + ay, ; for some n € Ny which is a

contradiction to (g7, ") € (&t £7m).

Thus, all conditions of Theorem 2.56 are satisfied and we get the existence of a fixed point (£7,27) € K
with (27,27) € I'(&+,27). The vector (21,27, a) with a defined by eqs. (36) and (37) is then an
IDE-thin flow augmentation for (&,%7,a). O

Note, that we explicitly allow V = () in the above lemma. In this case A/ is the empty network and,
thus, the empty vector is an IDE-thin flow for this restricted network. The above lemma then implies
that there always exists an IDE-thin flow for the whole network — i.e. the following existence result for
IDE-thin flows is an immediate corollary of the above lemma;:

Corollary 4.30. For any partial IDE (f,€) with right-constant flow rates in a feasible network with
right-constant network inflow rates there exists an IDE-thin flow (z7, 27, a).
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Proof. Choose V := () and Vi=Vasa partition in Lemma 4.29. This clearly satisfies both assumptions
(i) and (ii). Furthermore, the empty vector is then a trivial IDE-thin flow for the inner network. Thus,
Lemma 4.29 guarantees the existence of an IDE-thin flow augmentation which, by Lemma 4.26, gives
us an IDE-thin flow for (f,¢&). O

This, in turn, now implies the existence of IDE in networks with right-constant network inflow rates:

Theorem 4.31. Let N be a feasible network with right-constant network inflow rates. Then there
exists an IDE-flow with right-constant flow rates.

Proof. This follows directly from the above corollary and Theorem 4.6: We define § as the set of
partial IDE in N with right-constant flow rates. This set is non-empty as (0,0) € §. By Corollary 4.30
and Proposition 4.22 we can extend any partial IDE (f,&) € § for some additional non-zero time
interval. Finally, for any chain of right-constant partial IDE their limit (in the sense of Definition 4.8)
is again a partial IDE with right-constant flow rates by Proposition 4.10/Corollary 4.11. [

4.3.3. IDE-Thin Flows via Convex Optimization

Looking at the previous subsection one may wonder why we even introduced the concept of IDE-thin
flow augmentations as in the proof of Theorem 4.31 we only used Lemma 4.26 to deduce the existence
of an IDE-thin flow for the whole network at once. Thus, for this result it would have been enough to
directly state and prove Lemma 4.26 as an existence result for IDE-thin flows as it was done with
essentially the same proof in [GHS20, Lemma 5.3].

The usefulness of IDE-thin flow augmentations will become clear in this subsection where we will
use it to derive existence of IDE-thin flows without needing to refer to some fixed point theorem
(though, on the flip side, only for a more restricted class of networks). More precisely, we will consider
partitions where the outer part of the network consists of only a single node. This then reduces the
set of constraints for IDE-thin flow augmentations to a much simpler set of equations for which we
can show the existence of a solution more directly:

Lemma 4.32. Let (f,€) be a partial IDE with right-constant flow rates in a feasible network with
right-constant network inflow rates. Moreover, assume that f is a Vickrey edge flow for all times on
all edges, let V =V UV be a partition with V = {v} and satisfying assumptions (i) and (ii) and
(#*,27,a) an IDE-thin flow for (f|gy,€) in N.

Then any solution (mjl)ez c RST(XI ¢,

Dier Ij—7
min E / Ye(2)dz + g :cj’i Aoy
0

st (v) e=vwed+ (v)iel
s.t. Z x:l = uy (&) + Z fei§)  foralliel withv¢T;

e€dt (v) e€d= (\E°() (COPT)

x:’i =0 for alli € I withv € T; and e € 5T (v)

inZO forallie I,e€dt(v)NEi()

x:izo foralli € I,ecdt(v)\ Ei(€)

together with sz =0 for alle € 6~ (v), x.; defined by (31) and (32) and a,; defined by (36) and
(37) is an IDE-thin flow augmentation for (it,&~,a).
Furthermore, such a solution always erists.

Proof. Let (wj, z, ) be an optimal solution to (COPT). Then the feasibility of (xj, r, ) together
with the way all the remaining variables are defined already ensures that (z*,z~,a) satisfies (31) to
(37). Furthermore, (39a) is an empty condition here since V contains only a single node.

Thus, we only have to show that (39b) is satisfied as well. Since the objective function of (COPT)
is differentiable and (2, z_,) an optimal solution, there must then exist vectors (a;); € R! and

[Ng)
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(Bei)esi € RS (X1 satisfying the necessary KKT-condition (Proposition 2.69):

VYe(@F) + @i+ i — Bei=0foralli €I, e=vwe s (v) (40)
Bei>0foralliel,eedt(v)NE;(E) (41)
Be.i x;"l =0forallic l,ecdt(v)NE;(&) (42)

Hence, for any commodity ¢ with v ¢ V;r UT; and edges e = vw € 6T (v) N E;(§) we have

(40) (1)

we(xj)"i'aw,i = _ai+ﬁe,i > —ay,

while for any edge e € §1(v) N E;(£) with le > 0 we get

be(z) + du L _a,.

Together with (36) this implies a, ; = —a; whenever there is at least one edge e € 5+ (v) with :c;"l > 0,
which, in turn, guarantees that (3A9b) holds for such an edge.

Now, in order to show that (COPT) always has an optimal solution, we observe that the objective
function is continuous while the set of feasible solutions is compact. Thus, by the extreme value
theorem (Proposition 2.68) it suffices to show that the set of feasible solutions is non-empty. This is,
indeed, the case as we can only have uyi(£) + - cs5- o)\ mo(e) fe,(§) > 0 for commodities with v ¢ V;f
(since the network is feasible and because of Proposition 3.66). Such a node then always has at least

one outgoing edge if it is not a sink node. Thus, we we are always able to choose mjz > 0 such that
all feasibility conditions of (COPT) are satisfied. O

Remark 4.33. The problem considered in Lemma 4.32 can also be interpreted as a Wardrop equilibrium
problem for static flows in a rather simple network (see Figure 12). The objective function in (COPT)
is then exactly the potential function typically used to show existence of Wardrop equilibria (cf. e.g.
[NRTVO07, Section 18.3.1]). Note that the edge costs of this static flow network might be negative.
However, since all source,sink-paths consist of exactly two edges, we can easily transform this network
into an equivalent network with non-negative costs by adding some positive constant to all edge costs.
In the single-commodity case the whole network can also be further simplified into a parallel link
network.

In situations where we can construct the network by iteratively adding a single node satisfying the
assumptions of Lemma 4.32 this now implies existence of an IDE-thin flows comprised of solutions to
(COPT).

Lemma 4.34. Let (f,£) be a partial IDE with right-constant flow rates in a feasible network with
right-constant network inflow rates and assume that f is a Vickrey edge flow on all edges for all times.
If there are no active edges with current travel time zero and the active subgraph of all commodities
is acyclic, i.e. we have E°(&) N U;c; Ei(€) = 0 and (V,U,c; Ei(€)) is acyclic, then there exists an
IDE-thin flow for (f,£).

Proof. Since (V,{U,;¢; Ei(§)) is acyclic, it admits a topological ordering - on V' such that for every
commodity ¢ € I and edge e = vw € E; we have v < w. Now, enumerate the nodes in V' such that we
have vy = vy > --- > v,. Then for any k € [n] the sets V := {v; } and V := {v1,...,vp_1 } define
a partition of the restricted network N\G[{ w10y 3] Satisfying assumptions (i) and (ii). Thus, by
applying Lemma 4.32 n times we can construct an IDE-thin flow for the whole network. O

We can now use this extension-lemma to show existence for the two classes of networks already
mentioned as potential use cases for IDE-thin flow augmentations in Example 4.23: Acyclic networks
and single-commodity networks:

Theorem 4.35. Let N be a feasible acyclic network with strictly positive free flow travel times and
right-constant network inflow rates. Then there exists an IDE with right-constant flow rates.
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Aopy,2

Figure 12: A network as considered in Lemma 4.32 (left) and the corresponding static flow network
(right). In the static flow network node v is the source node for all commodities and
there is a single sink node t; for each commodity i. The demand of commodity i is
Ui (€) + X ees— (wp\mo(e) fe,i(§) if v ¢ T; and 0 otherwise. The edge costs on the first edges
are the (flow dependent) functions t,,,, while the costs on the second edges are constant.
It is easy to see that Wardrop equilibria in the network on the right then corresponds to
solution to (COPT) for the network on the left and vice versa.

Proof. Since the whole network is acyclic, this is true, in particular, for (V,{J;c; Ei(§)). As all free flow
travel times are strictly positive, the set EY(£) is always empty. Thus, we can apply Lemma 4.34 and
Proposition 4.22 to extend any partial IDE with right-constant flow rates. Consequently, Theorem 4.6
together with Proposition 4.10/Corollary 4.11 implies the existence of an IDE with right-constant flow
rates for all times. O

Theorem 4.36. Let N be a feasible single-commodity network with strictly positive free flow travel
times and right-constant network inflow rates. Then there exists an IDE with right-constant flow rates.

Proof. As all free flow travel times are strictly positive, the set E°(€) is always empty. Proposition 2.67n)
then guarantees that (V, E(€)) is always acyclic. Thus, we can apply Lemma 4.34 and Proposition 4.22
to extend any partial IDE with right-constant flow rates. Consequently, Theorem 4.6 together with
Proposition 4.10/Corollary 4.11 implies the existence of an IDE with right-constant flow rates for all
times. O

We conclude this subsection with two examples showing why the additional assumptions of The-
orems 4.35 and 4.36 (the network being acyclic and no zero free flow travel times, respectively) are
necessary to allow a node-by-node construction of IDE extensions as in the proofs of those theorems:

Example 4.37. The two-commodity network depicted in Figure 13 demonstrates why in general
multi-commodity networks it is not possible to determine an IDE extension on a node per node basis:
At time 0 there are two nodes at which a flow distribution has to be determined: The two source
nodes s; and so. Assume that we start at node s;. Here, we have a network inflow at a rate of 3 for
commodity 1 for which there are two possible paths to take: The direct edge towards the sink ¢; or
the path sjv,vss, ssw, wty. As we currently do not have any queues in the network, both paths are
currently active. Thus, the only possible flow distribution is to send half the flow into each of the
two paths, leading to queues growing at a rate of 1/2 on both edges s1¢; and s;v. Next, we have to
determine a flow split at node so. Again, two paths (sats and sow,wsy, s1v, vta) are currently active.
However, for one of those we already know that it will have a queue growing at a rate of 1/2 on it.
In order to compensate for that (and keep the flow split of commodity 2 feasible for some proper
interval), we have to send more flow into edge soto: More precisely, a flow split of 7/4 into edge sato
and 5/4 into spw results in a stable flow distribution for commodity 2. However, this still creates an
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Figure 13: A two-commodity network. All edges have a capacity of 1 and all edges except for sty
and soto have a free flow travel time of 1. For each commodity ¢ € {1,2 } flow enters the
network at node s; at a rate of 3 during the interval [0, 1] with destination ¢;.

additional queue on edge ssw which is on one of the paths used by commodity 1. Thus, the previously
determined flow distribution for commodity 1 becomes unstable again. Due to the symmetry of the
given network, starting with the flow distribution at node ss instead of s; would not resolve this
problem.

Note that this symmetry also makes it fairly easy to determine an actually stable flow distribution —
however, only by considering both nodes at the same time: Send flow into edges s1t; and sats at a
rate of 5/3 and into edges s1v and syw at a rate of 4/3. This means that queues start to grow on
the former edges at a rate of 2/3 and on the latter ones at a rate 1/3 leading to a growth rate of the
current travel times of 2/3 along all source,sink-paths.

Example 4.38. The single-commodity network depicted in Figure 14 demonstrates why in networks
containing edges with zero free flow travel time it can be impossible to find extensions on a node per
node basis: At time O there are two nodes at which a flow distribution has to be determined: The
two source nodes s; and s5. Assume that we start at node s1. Here, we will have an outflow of 2 for
which there are two possible paths to take: The direct edge towards the sink ¢ or the path sjv, vi.
As all edges have a capacity of 1, splitting this flow evenly between the two paths leads to a flow
distribution which does not create any queues (and, thus, is the unique feasible flow split from the
perspective of node s1). However, if we now determine a flow split at node s we must send some
additional flow along the path s,,v,t which immediately creates a queue on edge vt. This, in turn,
makes the previously determined flow split at node s; unstable as it now uses one path with increasing
travel time and one with constant travel time. Due to the symmetry of the network, the same effect
takes place if we first determine a flow distribution at node sy and consider s; afterwards.

An actual feasible flow split has the queues on all three edges leading into the sink growing at the
same rate, i.e. we send flow into edges s1t and sot at a rate of 4/3 and into edges s;v and sov at rate
of 2/3. This leads to queues growing at a rate of 1/3 on all four paths and, thus, a stable situation.
Note, that we can only obtain this flow split by considering the nodes s; and s at the same time.

4.4. Bibliographic Notes and Open Questions

The first existence result for IDE in single commodity networks with right-constant network inflow
rates was published in [GH19, Theorem 1] (which is joint work with Tobias Harks) with a proof
similar to the one presented here in Subsection 4.3.3 (more precisely, [GH19, Theorem 1] is exactly
Theorem 4.36). For the journal version of this paper ([GHS20]) Leon Sering extended this result to
multi-commodity networks with right-constant network inflow rates by transferring the concept of thin
flows (which was introduced by Koch and Skutella in [KS11] for the full information model and used
by Cominetti, Correa and Larré to show existence of dynamic equilibria in this model in [CCL15]) to
the IDE setting. Additionally, he adapted the general existence proof for dynamic equilibria using
variational inequalities from [CCL15] to the setting of IDE. The existence result presented here in
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Figure 14: A single-commodity network with edges with zero free flow travel time. All edges have a
capacity of 1. The edges s;v and sov both have a free flow travel time of zero while all
other edges have a free flow travel time of 1. Flow enters the network at each of the nodes
s1 and sy at a rate of 2 during the interval [0, 1] with destination ¢.

Subsection 4.3.2 follows the same approach as the former but in a slightly more general setting which
also allows for edges of free flow time zero. For the general case considered in Section 4.2 we give
an alternative proof using the Kakutani-Fan—Glicksberg fixed point theorem instead of an existence
theorem for variational inequalities. Note, however, that the requirement for application of either of
those two existence results turn out to be very similar (in particular, with regards to the required
continuity properties). The connection between IDE thin flow augmentations at single nodes and
Wardrop equilibria (Remark 4.33) was pointed out to us by Roberto Cominetti.

The general existence result completely answers the existence question for IDE (except for the
technical case of network inflow rates which are locally integrable but not locally p-integrable for
any p > 1). In fact, as already discussed in Remark 4.16, this result should also hold for other flow
models and even other behavioural models and it would be an interesting topic for future research to
formulate such a generic existence result. Note, however, that our proof does not completely translate
back to equilibria in the full information setting (or, more generally, “non-causal” predictors in the
framework introduced in [GHKM?23]). This is not so much because of the extension lemma itself
but because our version of extending flows does not work well for such equilibria. More precisely,
the third property in our meta-existence theorem (Theorem 4.6) is not satisfied any more when the
distance labels also depend on the future flow evolution (which is also why in the full information
setting partial flows are typically defined differently). However, even in such a setting one might be
able to apply the extension-lemma once when starting with the zero flow to at least get existence of
an equilibrium flow for some finite time horizon.
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5. Computational Complexity of IDE

In the previous chapter we saw that IDE are guaranteed to exist. However, we do not know yet how
to actually compute such an IDE for a given network. In particular, the most general existence result
(Theorem 4.15), is highly non-constructive: It uses a fixed point theorem in an infinite dimensional
vector space to construct single extension and then Zorn’s Lemma to “glue” those together to obtain an
IDE for all times. Nevertheless, this still suggests a natural way splitting of up the task of computing
IDE: First, we have to find a way of computing a single extension. Second, we have to show that a
finite number of such extensions suffices to at least cover a given finite time horizon. Whether such a
finite time horizon suffices, i.e. whether IDE terminate in finite time, will be the focus of the next
chapter (Chapter 6), while we will focus on the first two points in this chapter.

As we are interested in exact (combinatorial) algorithms here, we will only consider networks with
right-constant network inflow rates and flows with right-constant flow rates (as for general measurable
inflow rates it would not even be clear how to represent them exactly in finite space). For this case we
have seen in Section 4.3 that extending a partial IDE is equivalent to finding an IDE-thin flow. This
leads to the generic algorithm for computing right-constant IDE described in Algorithm 1.

Algorithm 1: A generic algorithm for computing IDE

Input :A network N with right-constant network inflow rates and a time horizon T > 0
Output: A partial IDE (f,T) with right-constant flow rates in N/
Set (f,€) < (0,0)
while ¢ < T do
Compute an IDE-thin flow (z*,27,a) for (f,¢&)
Let g be the flow defined by extending (f,€) with (27,27, a) (cf. (30))
Determine some ¢ > 0 such that (g,& + ¢) is a partial IDE
(£,€) « (9,6 +2)
end while
return (f,€)

® N o A W N =

This algorithm is clearly correct (by Proposition 4.22), however, it still has two short-comings: First,
we do not know yet how to actually compute IDE-thin flows and, second, it is not obvious whether a
finite number of extensions suffices to reach the desired time horizon T. We will address these two
problems separately in the following two sections. In the third section of this chapter we will then
turn to questions on the complexity of computing IDE and, in particular, show the hardness of several
natural decision problems involving IDE.

5.1. Computing IDE-Thin Flows

In Section 4.3 we saw two different ways of proving existence if IDE-thin flows. One for general
networks using Kakutani’s fixed point theorem (Subsection 4.3.2) and one for more restricted networks
(acyclic or single-commodity) using a convex optimization problem (Subsection 4.3.3). Similarly, we
will now present two different ways of computing IDE-thin flows — each of them following one of the
two existence proofs.

5.1.1. Multi-Commodity Networks

According to Proposition 4.22 the task of computing an IDE-thin flow for multi-commodity networks
is equivalent to finding a solution to egs. (31) to (37) and (39). We know from Corollary 4.30 that
such a solution must exist. However, the proof of Corollary 4.30 and, more importantly, Lemma 4.29
does not tell us anything about how to actually find such a solution as its existence just follows from
Kakutani’s Fixed Point Theorem.

Hence, we have to take a closer look at the system of equations itself and see if we can somehow

94



solve it in a more constructive way. Here, the main obstacle for doing that seems to be the constraint
+

— xe,i " Ve

=9 ° foralliel,ec E°
x S or all 4 e &)

(31)
as it is both non-linear and non-convex. Because of this, we will now restrict ourselves to situations
where there are no active edges of current travel time zero. In such a situation we can not only omit
(31) but also simplify (36) using Proposition 2.670) to obtain the following system of equations:

z,, =0 foralli € I,e € E°(¢) (317)
xg, = foi(€) foralli € I,ec E\ E°¢) (32)
Z o (&) + Z x, forallie I,Lve V\T; (33)
ecdt(v) e€d—
Z melgu“ Z x;z forallie I, t e T; (34)
e€dt(t) e€d—(t)
zr, =0 forall e € E\ E;(€) (35)
av,Z:min{z/)e(xj)—i—awj ’e:vwEEi} for alliEI,UEV\VZ-T (36)
i =0 forallie I,veV, UT; (37)
Ay = V() + ay; if ac:’i >0 forallic I,veV,e=vw e dt(v). (39)

Now, the only remaining difficulties are to decide which edges to send flow into and under which
regime the queues on edges with currently empty queue will be (increasing or depleting). Once these
decisions are made the remaining problem becomes a linear problem. Thus, we equivalently write the
above system of constraints as the following MIP:

z, ;=0 for alli € I,e € E°(£)
Ty, Zfe_z(f) for alleEE\EO(g)
Z xzz: (&) + Z T, foralli e I,v e V\T;
e€dt(v) e€d (v)
Z rh <€) + Z x, forallie I,teT;
cest(t) e€s—(t)
=0 foralle € E\ E;(§)
ze €{0,1} foralli € I,e € E with Q.(§) =0
=z —ve for all e € E with Q.(£) >0
+_ itz =1 TF-MIP
Ge = Te TVer 12 for all e € E with Q.(¢) =0 ( )
0, else
v <v ifz.=0 for all e € E with Q.(§) =0
> ifze =1 for all e € E with Q.(§) =0
av,iﬁ%—kami forallie I,ve V\{t; },e=vw € E;(§)
aip =0 forallieLverUTi
Yei € {0,1} forallie I, e E;(€)

zf,=0ifye; =0

de .
Ay i = ; + oy 5 if Ye,i = 1

€

for all i € I,e € F;(€)
forallie I, e =vw € E;(§)

Here, the variable g. denotes the rate at which the queue length on edge e will change (i.e. the value
of v, - e (xT)), the binary variable z, denotes for queues which are empty at time & whether they will
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remain empty (z. = 0) or whether a queue will start to form after time £ (z. = 1) and the binary
variable y. ; indicates whether a currently active edge will stay active after time £ and, thus, whether
we are allowed to send flow into it (ye,; = 1 means that e remains active for commodity 7).

Lemma 5.1. Let (f,€) be a partial IDE with right-constant flow rates in a network with right-constant
network inflow rates such that E;(€) N E°(€) = 0 for all commodities i € I. Then a vector (x+,x7, a)

is an IDE-thin flow for (f,€) if and only if there exist binary vectors (ye,;) € {0,1 }E'iEI{i}XEi(g) and
(ze) € {0,1 }{SGE‘Qe(E):O} and a vector (q.) € RE such that (x+,27,a,q,vy,2) solves (TF-MIP).

Proof. Tt is easy to see that (TF-MIP) is equivalent to (31°), (32), (33), (34), (35), (36”), (37") and
(39) by observing that y.; = 1 is equivalent to e being an edge which remains active for commodity 4
during the extension phase and z, = 1 is equivalent to 1 > v,.

Thus, it suffices to show that in the setting of the lemma constraint (31’) is equivalent to (31) while
(36”) and (37’) are equivalent to (36). The former is the case since the lemma ensures that all edges in
E°(&) are inactive (for all commodities) and, therefore, have zero inflow by (35). For the latter, we
observe that for any commodity ¢ the set of active edges F;(€) is acyclic by Proposition 2.67n) (using the
assumption that there are no active edges with zero travel time). Thus, we can apply Proposition 2.670)
to the subgraph (V'\ ViT, E[V\ V:] N E;(€)) with edge costs (e(zF)) (see Proposition 4.20) to prove
that (a%i)ue\/\vj solves (36) if and only if it solves (36”) and (37’). Finally, for any dead-end node

UNS ViT constraints (37”) and (37) are just the same. O

Now, for any given vectors (y. ;) and (z.) the above problem becomes a linear problem (and, thus,
efficiently solvable). Since there are only finitely many such binary vectors we can, in principle
determine IDE-thin flows in situations where there are no active edges of current travel time zero
by solving the remaining linear problem for all possible vectors (ye;) and (z.) and stop as soon as
we found a solution. Corollary 4.30 guarantees that this will happen eventually. This immediately
implies the following corollary:

Corollary 5.2. Let (f,€) be a partial IDE with right-constant flow rates in a feasible network with
right-constant network inflow rates such that E°(£) = (. Then we can compute an IDE-thin flow for
(f,€) in finite time.

In particular, we can always compute IDE-thin flows in feasible networks where all free flow travel
times are strictly positive. O

Of course, in general, such an algorithm will have an exponential worst case runtime. However, at
least for small instances it might still be feasible. In particular, since we do not really have to try
all possible vectors (ye,;). For example, we know that for any node v € V'\ ViT and any commodity 4
we have to set y.; = 1 for at least one edge e € F;(£) Nd+(v) — and this set, the set of active edges
leaving a given node v, might often be quite small, maybe even containing only a single edge (after
all, this is the set of starting edges of shortest v, T;-paths). Moreover, if we only have a single edge
with y.; = 1 for each commodity at some node, the value of z. is also directly determined. Such
observations have also been made by Hagenmaier who implemented for his master’s thesis [Hag23| an
algorithm for computing (approximate) IDE in multi-commodity settings.

Moreover, in certain situations (e.g. acyclic networks) we might be able to break down the problem
(TF-MIP) into smaller augmentation-subproblems which can be solved separately using the partition
approach from Lemma 4.26. Nevertheless, for general networks the worst case number of potential
choices for y. ; and z. will grow exponentially with the size of the network.

5.1.2. Single-Commodity Networks

In this subsection we will now focus on the case of single-commodity networks (with right-constant
network inflow rates). Additionally, we will again assume that there are no active edges of current
travel time zero. As seen in Subsection 4.3.3, this situation allows us to determine IDE-thin flows
on a node-by-node basis by finding solutions to the optimization problem (COPT) (cf. Lemmas 4.32
and 4.34). As this problem is a convex optimization problem, approximate solutions can be found
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efficiently using tools from convex optimization (see e.g. [BV04]). Even better, though, we will show
in this subsection that we can also find exact solutions using a simple water-filling procedure.

More precisely, we want to find a feasible solution (z3)ces+(v) to (COPT) which also satisfies the
necessary KKT-conditions. Looking at the proof of Lemma 4.32 we can see that this suffices to obtain
an IDE-thin flow augmentation. Thus, our goal is to find a solution (x:)engr(v)mE(E) € R‘S;O(U)OE(@
and a, € R satisfying

DTN (3 E SR S A (3) (43)

e€ot (v)NE(E) e€6~ (V)\E°(§)
Ve(zF) + a0 = ay for all e = vw € 61 (v) N E(¢) with 27 >0 (44)
Ve(zF) + a0 > a, for all e = vw € 6T (v) N E(E)  (45)

where a,, are the already determined node labels at the nodes in the inner part of the network. In
words: We want to distribute the incoming flow (uy(£) + 3 cs5- o)\ po(e) fe (§)) to the currently active
outgoing edges in such a way that all used edges are the start of a v, T-path with the same change of
current travel time (1(z}) + G,) while all unused edges only lead to v, T-paths with equal or larger
such change. Such a solution can now be determined quite straightforwardly thanks to the simple
form of the left hand side of (44) and (45) as functions in x7: Namely, these functions all consist of a
constant part followed by a linearly increasing part (see (38) for the definition of v.). We will call
such function truncated linear:

Definition 5.3. We call a function A : R — R truncated linear if it is of the form

«, ifx <~
Az) = .
a+px—7), ifx>c

for some constants «, 8,y € R (see Figure 15 for an example of such a function).

"Y
Figure 15: An example of a truncated linear function with parameters a, 3,~.

Thus, our task now reduces to finding for any given value b > 0 and set of truncated linear functions
A1, ..., Am a partition of b into z1,...,x, > 0 such that > .7" , z. = b and Ac(z.) < Aes(zer) for
any e, e’ € [m] with z, > 0. Intuitively, we can find such a partition by first sorting the functions
by increasing «.. Starting from zy = 9 = --- = xz,, = 0 we then increase z; until we reach
A1(x1) = Aa(0) = ap. After that, we simultaneously increase 1 and x2 in such a way that we always
have A\ (z1) = A2(x2) until we reach A3(0). From here on, we simultaneously increase x1,z2 and x3
and so on until we have found a partition of b (see Figure 16 for a graphic depiction of this process).
We formalize this approach in Algorithm 2.

Remark 5.4. This approach can actually be useful for other convex optimization problem of similar
form as well and is often called “water filling” there as well — see e.g. [BV04, Example 5.2]. This name
comes from the following interpretation of the procedure: We fill a volume b into a basin which is
divided into m parts of different depth. More precisely, part e has a depth of D — e, (where D is the
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Algorithm 2: Water filling procedure

Input :A number b > 0 and a finite set of truncated linear functions Ay, ..., A, with
parameters (., Be,Ve) satisfying 8. > 0 and 7. > 0 for all e € [m)
Output: Values z1,...,z,, > 0 such that Y .7" | z. = b and A\c(xe) < A’ (zer) for any
e € € [m] with z, >0
1 Renumber the functions such that A1 (0) < A2(0) < --- < A, (0)
2 Determine the maximal k € {0,1,...,m } with Zle max{z | Ac(z) < A(0)} <b
3 if k <m and Zf:l max{z | Ae(z) < Ap41(0) } < b then
max{z | Ac(z) < Ap41(0)}, fore<k

4 Te 4= §b—=2 o) Ters fore="Fk+1
0 fore>k+1
5 else
max{z | x(z) < I.(0 fore<k
6 .Z‘é - X{ | e( ) = k( )}7 —
0 fore >k
7 b —b— Z§':1 T
8 $e<—$é+%'b/ for e<k
9 end if
10 return zy,...,T,
23 45 6 i 34-56 14 5 6 16

Figure 16: A graphic depiction of the water filling procedure applied to four truncated linear functions.
The blue vertical lines denote the values of x1 to x4 at six intermediate steps.

maximal depth of the basin) and its floor has an area of 1/s. (cf. Figure 17). We now start to fill water
into this basin at a rate of 1. At first only the part with the largest depth fills up and the water level
rises at a speed of B.. As soon as the water level reaches the floor of the part with the next largest
depth, this part starts to fill up as well and the water level now rises at a speed of 1/(1/s. + 1/5./).
This process continues until all water is in the basin.

Note, that this intuition only works for the case where we have 7, = 0 for all e € [m]. Otherwise,
we can imagine that for any part of the basin an (initially empty) tank of volume ~, is attached to
the bottom of its floor. As soon as the water level reaches such a floor any additional water first fills
up this tank and the water level remains constant until the tank is full — at which point the water
level starts to rise again as described previously. Figure 18 shows this for the situation of Figure 16.

Proposition 5.5. Algorithm 2 is correct and has a worst case runtime of O(m?).

Proof. We first observe that for any e € [m] and ¢ > A.(0) the value max{z|\.(z) < c} is well defined

(since A, is continuous, non-decreasing and unbounded) and can be computed in constant time (due to

the simple form of \.). Thus, line 2 has a worst case runtime of O(m?). Since this also clearly bounds

the runtime of any other line, this already determines the worst case runtime for the whole algorithm.
To show correctness we follow the same case distinction as the algorithm itself:
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Figure 17: A basin filled with water corresponding to a solution to the problem of finding values
Z1,...,24 > 0 such that 1 + -+ x4 = b and Ae(ze) = e + Bee < Aer(zer) for all
e, e’ € [4] with ., > 0.

1. Case: x. defined in line 4: In this case we directly get z. > 0 for all e € [m] as well as

m
Z:z:e = er + 2z =0b.
e=1

e<k

Since we have z. = max{z | Ae(x) < Ak41(0) } for all e < k, the maximality of k ensures
that xp41 < max{z | Ap+1(2) < Ag41(0) } = Yg4+1 and, therefore, Apy1(zp41) = apyr. At
the same time we have A.(z.) = A41(0) = agyq for all e < k by the choice of z. and
Ae(Ze) = Ae(0) > Ap11(0) = a4 for all e > k + 1 due to the order chosen in line 1. Thus, the
output is correct in this case.

2. Case: z. defined in lines 6 and 8: In this case we have £ > 0 and & > 0 due to the choice of k
in line 2. From this, we directly get z. > 0 for all e € [m] as well as

m k m 1/5 m
e — e — ; = b | =V ;:b
ezzlx ;z Z(m +Ze,§k1/ﬁd ) +e:zlx

e=1
Furthermore, we have =, > a2 > 7. and, hence,
b/
=7 = d
Zelgk /Be’
for all e < k. At the same time the fact that we are in the else-branch of Algorithm 2 guarantees
that if & < m holds, then there exists at least one ¢/ < k with d = A\o/(2e) < Ap41(0). The

order chosen in line 1 then ensures that we have A\o(x.) = Ac(0) > Ag4+1(0) > d for all e > k + 1.
Thus, the output in this case is correct as well. O

Ae(e) = Ae(@l) + Be - (xe — a) = M (0) +

As described before, this algorithm now allows us to compute IDE-thin flow augmentations in
polynomial time:

Lemma 5.6. Let (f,£) be a partial IDE with right-constant flow rates in a feasible single-commodity
network with right-constant network inflow rates, v € V. a node such that 5~ (v) N E(§) = 0 and
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Figure 18: An alternative depiction of the water filling procedure depicted in Figure 16 using the
basin-intuition described in Remark 5.4.
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dT()NE(ENE®(E) = 0. Furthermore, let (i*,2~, a) be an IDE-thin flow for ( flap oy €)- Then we
can compute an IDE-thin flow augmentation, for (#+,&~,a) in O(1+|6*(v) US~(v)|+]6+ (v) N E©)[?).

Moreover, the value a, of the IDE-thin flow augmentation is uniquely determined by a, u,(§), f (§)
fore € 6= (v)\ E°(&) and the sets 5T (v) N E(€) and {e € 67(v) | Qc(0) > 0}.

The first part of this lemma can be shown using the proof of Lemma 4.32 together with the intuition
given at the start of this subsection. Here, however, we will provide a more direct proof which is
independent of the proof of Lemma 4.32.

Proof. We start by observing that for the given situation (a single-commodity and V = {v}) equations
(31) to (39b) reduce to

;=0 for all e € (6" (v) U (v)) NE°()

Te = fei(§) for all e € (67 (v) U™ (v)) \ E°(€)

dYoodf=u(©+ ) i ifog¢gT
cest(v) e€s— (v)

> il <u(§)+ iz ifveT
e€édt(v) e€d (v)

=0 for all e € (6 (v) US (v)) \ E(§)

y = min { ay + (i) e =vw € 5T (v) NEE),w ¢ VT} ifog TUVT

iy =0 ifveT UVl

Ay = Gy + V() if 27 >0 for all vw € 67 (v)

Thus, computing an IDE-thin flow augmentation in the given situation is equivalent to finding a
solution to the above system of equations.

1. Case: v € T: Here, we can directly set &} =0 for all e € E=0t(w)Ud (v), &7 = f7(€) for
alle e B\ E°(¢), 2. =0 forall e € ENE°(£) and a, := 0 to obtain such a solution.

2. Case: v € VT: In this case we have u,(¢) = 0 since the whole network is feasible and we have
Y ecs- () e (§) =0 due to Proposition 3.66. Thus, we can choose (2%,47,a) in the same way
as in the previous case.

3. Case: v ¢ TUVT and uy(§) + Y ocs5- () fo (€) = 0: Again, we can directly set &7 := 0 for
allee B, 27 :=0= f7(€) foralle € E\ E°(¢) and x; := 0 for all e € ENE°(¢). Additionally,

we define
iy = min{ dy + (7)) |e=vw € T (W) NEE),w ¢ VY,

where we note that the minimum is well defined as, according to Proposition 2.67¢) there exists
at least one active edge leaving v. This then gives us a solution to the given set of equations.

4. Case: v ¢ TUVT and u,(¢) + 2 ecs—(v) fo (§) > 0: In this case we define functions
Ae ' R = R,z () + dy for e € 67 (v) N E(E)

and observe that those are truncated linear functions with parameters

aw—1, Q) >0 L [0, Q) >0
O‘e'_{aw, Q) =0 " and %'_{ye, it Qu(¢) =0

As in the previous case we have 6 (v) N E(£) # 0 since v is neither a sink nor a dead-end
node. Thus, we can use Algorithm 2 (with worst case runtime O(|§(v) N E(§)|2) according
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to Proposition 5.5) to obtain a solution (zc)ecs+(v)nm(e) With Zeeﬁ(u)mE(g) ze = uy(&) +
Decs-(v) fe (§). We now define

v Jxe, foreedt(v)NE(E) nd 4 fo (), fOTeEE\EO(f)
e 70, foree B\ E() T, for e € ENE°(¢)

Finally, we pick any edge e = vw € §+(v)NE(§) with x, > 0 and set @, = Ae(Te) = G+ e (FT).
This then defines a solution to the system of equations stated at the beginning of the proof.

Now, for the second path of the lemma, i.e. the uniqueness of a,, let (27,27,a) and (2'*,2'~,a’)
be two IDE-thin flow augmentations (or, equivalently, solutions to the system of equations given at
the beginning of the proof) and assume for contradiction that @, < al. We note that this is certainly
impossible if v € T U VT or if there is no outflow to be distributed from node v at time £. So, we can
assume that there is at least one edge e = vw € §+(v) with 2} > 0. For all those edges we then have

Qo +'l/}e(:2j) = &v < &; < Gy + ?/Je(f/;)

and, therefore, . (1) < e (2."). Since all ¥, are non-decreasing functions, this implies 2} < 2" for
all such edges and, thus,

which is a contradiction to both (2%,47,a) and (', 4’7, a’) being IDE-thin flow augmentations for
the same situation. O

Corollary 5.7. Let (f,€) be a partial IDE with right-constant flow rates in a feasible single-commodity
network with right-constant network inflow rates such that E°(¢) = (). Then we can compute an
IDE-thin flow for (f,€) in O(|V|+ |E| +|E(€)[?) time.

Proof. Since there are no edges of current travel time zero Proposition 2.67n) guarantees that the
set of active edges is acyclic. Thus, there exists a topological order vy > vg > + -+ = v, on (V, E(£))
and we have 0, (vr) N E(§) = 0 where Gy := G[{ v1,..., v }] is the subgraph of the first & nodes.
Therefore, starting with the empty vector (which is an IDE-thin flow for Go) we can iteratively apply
Lemma 5.6 to obtain IDE-thin flows for all G until, after |V steps, we finally have an IDE-thin flow
for the whole network. O

Remark 5.8. While Lemma 5.6 guarantees that IDE-thin flows in single-commodity networks are
unique with respect to the node labels a,, the same need not be true with respect to the flow rates
x} and . This is because of the constant part of the functions 1, which allow situations in which
different flow distributions lead to the same value for the node label a,.

It is also interesting to note that for the full information setting the analogous partial uniqueness
statement for thin flows holds as well ([CCL15, Theorem 4]). There this result then directly implies
that for any given single-source single-sink network with constant network inflow rate all equilibrium
flows with right-continuous flow rates induce the same travel times in the network ([CCL15, Theorem
6]).* This, however, is not true for IDE as one can already see in quite simple instances like the one
from Example 3.65.

The reason for this discrepancy lies, roughly speaking, in the different way extensions work in the
two models: In the full informations an extension completely determines the whole source-sink path
for any particle handled in this extension. Thus, the only way different choices of the flow distribution
within such an extension could affect future extension would be via the induced travel times in the
network — but those are unique since the node labels are unique. An IDE-extension, on the other
hand, only determines the next edge for every involved particle. Thus, different flow distributions can

4 Actually, the statement is also true without the restriction to right-continuous flow rates — however, this follows not
as directly from the uniqueness of the thin flows (see [OSK22]).
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easily lead to different travel times further down the line without any effect on the node labels during
the extension period.

On the flip side, for IDE we will see in the next section that we can use the uniqueness of the node
labels in IDE-thin flows to show that a finite number of extensions suffices to construct an IDE for
any finite time horizon — a question that is still open in the full information setting.

5.2. Bounding the Number of Extensions

In the previous section we saw that in many cases we can compute a single extension in finite time
(and even efficiently for single-commodity networks). In order to deduce from this that we can also
compute IDE over a finite time horizon in finite time using Algorithm 1, we still have to show that a
finite number of such extensions suffices. This, as well as providing some upper and lower bounds on
the number of required extensions, will be the focus of this section.

5.2.1. Upper Bound for Single-Commodity Networks

Given some partial IDE (f, ) with right-constant flow rates there are two natural ways to estimate
how many extensions are necessary in order to compute this flow with an extension algorithm of the
form of Algorithm 1:

e Count the number of (maximal) intervals with constant flow rates: As each such interval clearly
requires its own extension, this gives us a lower bound for the number of required extensions.

e Count the number of times anything happens which could make a current extension invalid,
i.e. any change in network inflow or edge outflow rates, a new edge becoming active or a
queue depleting (note that these are exactly the four types of events we used in the proof of
Proposition 4.22 to determine the length of the extension period). Since we can then always use
a single extension to get from one such time to the next, this gives us an upper bound on the
number of required extensions.

We formalize these two concepts in the following definition:

Definition 5.9. Let (f,£) be a partial flow with right-constant flow rates. A phase of (f,§) is a
maximal proper subinterval [a,b) C [0,£) such that all flow rates of f are constant during [a, ).

We say that that a (simple) event occurs at time 6 < £ at some node v € V if there exist two
phases [a,0) and [#,b) or a single phase [a,b) with 6 € (a,b) and one of the followings things happen
at time 6:

e The outflow rate of one of the edges leading towards v changes, i.e. there exists an edge e € §~ (v)
and a commodity i € I with f_(a) # f_(0).

e The network inflow rate u,; at node v changes for one of the commodities.

e A queue on one of the edges leaving v depletes, i.e. we have Q.(8) = 0 and J_Q.(f) < 0 for
some edge e € 61 (v).

e An edge leaving v becomes newly active, i.e. there exists a commodity 4, an edge e € 5% (v) and
some time ¥ < 6 such that e € E;(6) while e was inactive for ¢ during [0, 6).

If an event occurs at a node v, we also say that v is responsible for this event. Moreover, when
counting events we will always count all events happening at the same time as one event.

We say that a Zeno-event occurs at time 6 < £ if there exists no phase [a, 6).

Finally, we call a partial IDE (f,£) a simple IDE if each of its phases begins with a simple event.

A Zeno-event happens at a time 6 if the phases leading up to this time show a Zeno-type behaviour,
i.e. there is an infinite sequence of phases [ag,a1), [a1,a2), [az,as), ... with ax — 6. Such a flow then
has an infinite number of phases and clearly cannot be computed by an extension based algorithm in
finite time. Note that it is easy to construct such non-simple IDE even in very simple networks: Just
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consider a network consisting of a source node, a sink node and two parallel edges with equal free
flow travel time connecting them. If flow then enters the network at a rate lower than the capacity of
each of the two edges, then any flow split between the two is an IDE. In particular, we may partition
the interval [0,1] into an infinite number of shorter and shorter intervals (e.g. [0,3),[3,3),[2,%),...)
and then alternating between sending all flow into one edge and sending all flow into the other edge
results in an IDE which has a Zeno-event at time 6 = 1.

Thus, it is clearly not possible to construct all IDE with Algorithm 1. Instead, we want to determine
in which networks simple IDE are guaranteed to exist and whether we can then compute such an IDE
with our extension based algorithm. Towards this goal, we will specialize Algorithm 1 a bit further in
order to give it the best possible chance in succeeding at this task. Namely, we always want to choose
the length of the extension phase as long as it is safely possible, that is until the next event happens.

This leads to Algorithm 3.

Algorithm 3: An extension based algorithm for computing IDE

Input :A network N with right-constant network inflow rates and a time horizon T' > 0
Output: A partial IDE (f,T) with right-constant flow rates in A/
Set (f,€) < (0,0)
while ¢ < T do
Compute an IDE-thin flow (z*,27,a) for (f,¢)
Let g be the flow defined by extending (f,£) with (z7,27,a) (cf. (30))
Choose € + min{e > 0| an event occurs in g at time { + ¢ }
(,6) « (9.6 +2)

end while
return (f,€)

W N o A W N

Lemma 5.10. Let N be a feasible network with right-constant network inflow rates. Let (f(k),fk)k
be the sequence of partial IDE computed by Algorithm 3. Then limy(f*) &) is a simple IDE.

Proof. First of all, every (f*), &) is a partial IDE since we start with a partial IDE and every
extension is correct by the same proof as for the sufficiency part of Proposition 4.22 (the choice of €
there exactly matches that in line 5 of Algorithm 3). They are also simple by construction.

Then since all (f(*) &) are partial IDE with right-constant flow rates, so is (f, &) = limy (f*), &)
by Proposition 4.10. To show that it is also simple let [a,b) C [0,£) be any phase of (f,£). Then there
exists some k € Ny such that a < &. Hence, [a, min {b, &, }) is a phase of the simple IDE (f(®) &)
and, therefore, starts with a non-degenerate event. Since we have (f*), &) < (f, &), this is then also
true for (f,€). O

Note that the lemma neither states that Algorithm 3 terminates nor that the computed sequence
converges to a partial IDE until 7. It does, however, suggest a way of showing termination. Namely,
if we can show that in a given network and for a given time horizon there is a finite bound on the
number of events any simple IDE in this network can have before T, then this immediately shows that
Algorithm 3 is guaranteed to terminate in this network. Moreover, this bound then also immediately
gives us a bound on the number of extensions performed by Algorithm 3.

In the following we will do exactly that for the case of single-commodity networks with right-constant
network inflow rates with finitely many discontinuities and strictly positive free flow travel times. Note,
that in this case Corollary 5.7 ensures that we can compute each individual extension in polynomial
time.

Lemma 5.11. Let (f,&) be a simple IDE in a single-commodity network, v € V \'T' a non-sink node
with at least one outgoing edge, £, C 67 (v) some subset of outgoing edges from v and [a,b) C [0,£)
an interval satisfying the following properties:

e u, is constant on [a,b),

e [ is constant on [a,b) for all e € 6~ (v),
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e Ly are affine functions on [a,b) for all vw € E, and

e 5T (v)NE() C E, for all 0 € [a,b).

Then v is responsible for at most 2\E~v|4‘EU‘+1 events during [a,b).
Proof. We enumerate the edges in E, by vw,...,vwg and define for each of those edges vwy a
function

Ak : [a, b) — R7 0 — vak (9) + ka (0)

Since f is a flow with right-constant flow rates without any Zeno-events, these functions are all
continuous and piecewise linear. In particular, their left- and right-derivatives exist at all times
6 € (a,b). Furthermore, we observe the following properties of these functions for all edges vwy, € §(v)
and all times 6 € (a,b):

(i) vwy, is active at time 6 if and only if A(0) = min{ Ay (0) | &' € [K] }.
(ii) vwy becomes newly active at time 6 if and only if vwy, € E(6) and 0_Ag(0) < 0_L,(6).
(iii) vwy becomes inactive at time @ if and only if vwy € E(0) and 04+ Ak (60) > 94+ L,(0).

We will now show two further key properties of these functions (cf. Figures 19 and 20 for a visualization
of all these properties):

Claim 7. If an edge vwy, is inactive during some subinterval (a',b’) C [a,b), then Ay is conver on

(', V).
Claim 8. We have min{ 90_Ay(0) | vwy € E(0) } < 04+ L,(0) for all 6 € (a,b).

Proof of Claim 7. Since edge vwy, is inactive during (a’,’) no flow enters this edge during this time.
Thus, the queue length function of this edge consists of at most two linear segments during this
interval: One where the queue depletes (at a rate of —v,,,) and one where it stays empty. The
combination of these to segments is clearly a convex function. |

Proof of Claim 8. We define the set ET(0) :== {vwy € E(0) | 0+ Ax(0) = 01 L,(0) } and observe that
this set contains exactly those edges which are active right after time 6. Thus, flow may only enter
those edges immediately after time 6. Since the total inflow into v is constant on (a,b), this means
that there must be at least one edge vwy, € E™(6) such that there is at least as much inflow into this
edge after 6 as before. This directly implies d_Ay (0) < 0+ Ay (0) and, therefore,

mm{a_Ak(G) | VWE € E(G)} < mm{ﬁ_Ak(G) | VWE € E+(9) } < O_Ap (0) < 8+Ak/(0) = 8+LU(9)
|

Now, since the total inflow into node v is constant during [a, b) we get from Lemma 5.6 that there
are only finitely many possible values for 0, L, during this interval. The following claim then implies
that the lowest of those values can only appear a finite number of times. Iteratively applying this
claim then shows that this is true for all of those finitely many values. This then reduces the lemmas
statement to showing that only finitely many events can occur during any interval with constant OL,.

Claim 9. Let (a/,b') C [a,b) be some subinterval with b’ < b and o € R some value such that we have
0+ L,(0) > « for all 0 € (a/,b") as well as O_L,(b') > o = 04+ L, (V). Then there exists an edge vwy,
which is inactive during (a’,b") and becomes newly active at time V.

Proof. According to Claim 8 there exists some edge vwy € F(6) with 0_Ag (V') < 04 L, (V) = a <
O_L,(b'). Thus, vwy, becomes newly active at time b’ by property (ii). Now, assume that this edge
was active at some time during (a/,’) and let ¢ € (a’,b") be the last such time. Then Ay is convex on
(c,b') by Claim 7 and, hence, we have 0_A(0) < 0_A, (V') < « for all 6 € (¢,b’). At the same time
we have 0_L,(6) > « for those 6 and 0_ L, (6) > « for some proper subinterval. Together, this is now
a contradiction to Ag(c) = Ly(¢) and Ag(b') = L,(¥’) (which holds due to property (i) since vwy, is
active at both times). Thus, vwy cannot been active at any time during (a’, ') and, therefore, proves
our claim. |
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Figure 19: An example for the setting of Lemma 5.11: A single node v with a constant inflow rate
(here only over a single edge) and with three outgoing edges vw;, vws and vws. The
sequence of pictures shows snapshot of all the times where an event happens at node v.
The functions L., and Ay corresponding to this sequence are depicted in Figure 20.
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Figure 20: An example for the functions A defined in the proof of Lemma 5.11 for the situation
depicted in Figure 19. The topmost diagram depicts the distance label functions L,,,
(which are linear for the whole interval [a, b]). The middle diagram displays the waiting
times on the edges vw; resulting from the flow distribution at node v shown in Figure 19.
The bottommost diagram then shows the resulting functions Ag. The numbers 1 to 7
indicate the events occurring at node v during (a,b). E.g. at event 1 edge vw; becomes
newly active and we can see that property (ii) holds here. We can also get an intuitive idea
from this diagram for why Claims 7 to 10 hold, e.g. A3 is convex between before event 6
(as stated in Claim 7) and the two phases where 0L, is minimal (between events 1 and 2
and events 6 and 7) are started by different edges becoming newly active (which is the
important consequence of Claim 9 we will use in the proof of Lemma 5.11).
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Claim 10. Let (a’,V') C [a,b) be a subinterval such that OL, is constant on (a’,b'). Then v is
responsible for at most 2K events during this interval.

Proof. We first observe that if an edge vwj, changes from being active to being inactive at some point
6 during such an interval, then it will remain inactive after § until at least b’. This follows from the
assumption that dL, is constant, property (iii) and Claim 7.

Thus, there can be at most K events at node v because an edge in 6 (v) becomes active. Furthermore,
if an event occurs because the queue of such an edge depletes, then this edge becomes inactive
immediately after. Hence, such events can occur at most K times as well. |

Combining Claims 9 and 10 now allows us to prove the lemma: Since the total inflow into node
v is constant during [a,b), Lemma 5.6 implies that d; L, () is uniquely determined by which edges
in 8% (v) are active at time # and which have a non-empty queue. Thus, 9, L,(0) can take at most
(2K — 1) . 2K < 4K — 1 different values during this interval (note that at least one edge is always
active). Let « be the smallest such value. Then we can partition (a,b) into at most K subintervals
during which 04 L, is constantly a and at most K subintervals where 04 L, is strictly larger than a.
This is because if we have K maximal intervals with 04 L, = «, then, according to Claim 9, there
must exist at least K different edges in 67 (v) which are always inactive between time a and the start
of the first of these intervals. But since there must always be at least one active edge, this implies
that a is the start of the first of these intervals.

Now, using the same argument for the second smallest value 04 L, can attain and each of the
at most K intervals where 0, L, is strictly larger than o, gives us at most K2 more intervals with
constant 0, L, as well as at most K? remaining intervals with even larger value of d; L,. Continuing
this way we find that (a,b) can be partitioned into at most

K+K*+. .+ KY¥1 < g4

subintervals of constant d_ L,. Finally, Claim 10 tells us that each of those intervals contains at most
2K events for which v is responsible. This gives us the desired bound. O

As our next step we lift this bound on the number of events occurring at a single node to the whole
network using induction over a suitable chosen order of the nodes:

Lemma 5.12. Let N be a single-commodity network with strictly positive free flow travel times, (f,&)
a simple IDE, E C E some subset of edges and [a,b) C [0,€) a time interval satisfying the following
properties:

e All network inflow rates u, are constant during [a,b),
e all edge outflow rates f; are constant during [a,b),

e E(0) CE for all § € [a,b) and

o Eis acyclic.

Then at most (2A4A+1)‘V|*1 events occur during [a,b), where A :== max{ |61 (v)| | v € V' } denotes the
mazximal out-degree in the network.

Proof. Since E is acyclic, we can choose a topological order vy > vy = -+ = v, in (V, E) We will
now show the claimed bound on the nuAmber of event via induction on this order. More precisely, we
show that for any ¢ € [n] at most (2A%" *1)*~1 events occur during [a, b) at the nodes vy, ..., v:

Base Case (£ = 1): As vy is the last node in the topological order, it has no outgoing edges and,
therefore, cannot be responsible for any events during an interval with fixed inflow into this
node (except for maybe one event at the start of the interval).
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Induction Step (£ — £ + 1): We first note that, if vy11 is a sink node, then no flow will ever enter
any edges leaving vy11 since we do not have edges of zero travel time here. Thus, such a node
cannot be responsible for any events during (b, ¢) and the induction step becomes trivial. As the
same is true for nodes without outgoing edges, we can now restrict ourselves to the case where
ve+1 is a non-sink node with at least one outgoing edge.

s = E N 0F (vp41) and observe that this set clearly contains all
outgoing edges from vg41 which are active at any point during [a, b). Furthermore, for any such
edge vwy € EIU£+1 the distance label L., can only have a break point at some time 6 € (a,b) if
an event occurs at a node on some active w, T-path at that time. As all those node are higher
in the topological order than v,4; we know by induction that there are at most (2A4A+1)e*1

For such a node we define

such times. Thus, we can subdivide [a,b) into at most (2A%"+1)/~1 subinterval such that for
each of those we can apply Lemma 5.11 in order to bound the number of events occurring at
Vo1 by 2A%°+1 In total, this gives us at most (2A%°+1) . (2A4°+1)=1 = (2A47+1) events
occurring at nodes vy, . ..,vp41 during [a,b).

Choosing ¢ = |V| now directly implies the lemma. O

If we now want to apply this lemma to bound the number of events in a simple IDE, we still need to
find some set E which contains all active edges for as long a time as possible while also being acyclic.
Intuitively, a good choice for such a set should include all edges which are active or “close” to being
active at time a. Moreover, we want to define “closeness” here as wide as possible without risking to
include any cycles. The following lemma makes this idea into a formal definition and also provides us
with a lower bound for the length of the interval for which we can then use such a set:

Lemma 5.13. Let (f,£) be any partial Vickrey flow in a single-commodity network without cycles of
free flow travel time zero and without any dead-end nodes. Furthermore, let € > 0 be some constant
such that we have Y .. 7. > |cle for all cycles c. Then for any time 6 < & the set

E:={e=vwe E|Ly,0) >Cu(6) + L,(0) —}

is acyclic. If, additionally, there exists some constant M >0 such that we have )\, uy(¢) < M for
all times ( < &, then E contains all edges which are active at any point in time during the interval
[0, min {0+ s Srmrem € 1)-

Proof. First, note that we have L,(¢) < oo for all v € V and ¢ € Rx( since there are no dead-end
nodes. Now, to show that F is acyclic take any cycle ¢ in E. Then we have

> (Lw(0) = Ly(0) + Ce(0)) =Y Ce(0) > Y e >cle =) e

e=vweEc ecc ecc ecc

Thus, ¢ must contain at least one edge e = vw with L, () — L, () + C.(f) > € and, therefore, e ¢ E.
This shows that E is acyclic.

For the second part of the lemma take any time ¢ € [#, min {60 + s e S H
e'ep Ve’

and any
active edge e = vw € E((). We need to show that this edge is then also contained in E. For this let p
be an active v, T-path at time € and p’ an active w, T-path at time {. Using Proposition 3.56 we now

get the following bounds:

Lul#) = Cyl6) = 3. Cut) TR > o0 (-0 ( > vt )
=G(0) - (ecep o) ( D v +A;) > Lo(Q) = ((=0) (e > vt M) o
and - -
Lu() = G0)= 3 ot pron 10 > -0y Y L)~ (¢~ 0)- (1B - 1),

(47)
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where use at (x) that w, T-path (like p’) cannot contain any cycles and, in particular, not any edge
leading towards w (like e). Together with C.(¢) > C.(0) — (¢ — 0) (again from Proposition 3.56) this
now implies

L0) 2 100~ (€= 0)- (3 v+ M) = LulQ) 4 G0~ (—0) - (3 w4 1)

e'el e'el

2 La0) (- 0)- (B~ )+ Culo) ~ ()~ 0) - (3 v+ 1)
e'ekE

= Ly(0) + Ce(0) = (= 0) - (3 (wer + 1) + M)

e'ekE

Soepve FIE+ M

> Loy (0) + C.(6) — (Z(ue/+l)+M) = Lo(8) + C.(6) — ¢

e'ck
Hence, we have e € E. O

By combining Lemmas 5.12 and 5.13 we can now finally show that in single-commodity networks
without edges with free flow time zero only finitely many events occur during any finite time interval
of a simple IDE.

Theorem 5.14. Let N be a feasible single-commodity network with right-constant network inflow
rates with R discontinuities and strictly positive free flow travel times. Then the number of events in
any simple IDE (f,£) with & < oo is bounded by

Seer VCHEMMW +R

o[y ),

where Tyin = min{ 7. | e € £} > 0 is the shortest free flow travel time, A == max{ |6 (v)| |v €V }
the maximal out-degree and M = max{}_ .y u,(0) | 0 <&} > 0 some constant bounding the sum of
all network inflow rates at all times before &.

Proof. We first note that we can assume without loss of generality that A/ does not contain any
dead-end nodes: Since no IDE flow could reach such a node anyway (see Proposition 3.66), we can
just remove them without changing the IDE in this network.

We now partition [0,¢) into K = [g - ZeepWet)TM

— —‘ + R subintervals [ag,a1), [a1,a2), ...,
[ax—1,ar) of length at most W such that during each such subinterval all network inflow
rates are constant. We will now inductively show that for any k£ € {0,..., K } the number of events

before ay, is at most (2 - (2A4A+1)|V‘)k.
Base Case (k = 0): Since no event can occur before ag = 0, the bound trivially holds here.

Induction Step (k — k + 1): Since [ag, ar+1) has length at most 7,i, the edge outflow rates during
this interval are completely determined by the edge inflow rates before time ay, (cf. Corollary 3.21).

By induction and the assumption that (f,¢) is simple, those have at most (2 - (2A4A+1)|V‘)k
discontinuities. Thus, the edge outflow rates have at most twice this number of discontinuities
by Proposition 3.22 and we can further subdivide [a, ak+1) into at most 2 - (2 - (2A4A+1)|V‘)k
intervals with constant edge outflow rates. Additionally, for each such interval [b, c) we know
from Lemma 5.13 that the set E == {e =vw € E | Ly(b) > Co(b) + Ly — Tumin } is acyclic and
contains all active edges during this interval.

Thus, we can apply Lemma 5.12 to each of those subintervals [b, ¢) and show that for each of those
at most 2+ (2 - (2A4A+1))‘V|)k subintervals in our partition of [ay, ax+1) at most (2A4A+1)‘V|_1
events occur anywhere in the whole network. This, now, gives us the desired bound of at most

2 (2A4A+1))\V|)k 12.(2 (2A4A+1))\V|)k ) (2A4A+1)\V|71
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< 9. (2 . (2A4A+1))|V\)k . (2A4A+1)|V| _ (2 . (2A4A+1))\V|)k+1

events before aj41.

ZeeE(Ve"Fl)""M

Tmin

Finally, choosing k = [5 . —‘ + R gives us the bound stated in the theorem. O

Remark 5.15. If the network N itself is already acyclic, we do not need Lemma 5.13 in the above
proof and, thus, can start with a partition of [0, &) into “only” K := [TL-‘ + R subintervals of length

at most Tmin. This then leads to a slightly better bound of
A ’VL—| +R
o((z LAYV R )

Corollary 5.16. Let N be a feasible single-commodity network with right-constant network inflow
rates with R discontinuities and strictly positive free flow travel times. Then, for any given time
horizon T > 0 Algorithm 3 computes an IDE until T and has a worst case runtime of

7. Zeep vet|BI+M

(’)((2 : (2A4A+1))IV\)[ el RS |E\2),

where A, Tmin and M are defined as in Theorem 5.1/.

Proof. According to Lemma 5.10 Algorithm 3 computes a simple IDE. Thus, we can apply Theorem 5.14
to bound the number of events and, consequentially, the number of extension steps performed by the
algorithm to obtain this partial IDE. Furthermore, according to Proposition 5.5 we can use Algorithm 2
to compute each individual extension in O(|E|?). O

5.2.2. Lower Bounds

In the previous subsection we saw that in single-commodity networks with non-zero free flow travel
times, there always exists an IDE with a finite number of phases (for any finite time horizon). The
following example shows that at least one of these two assumptions is necessary, i.e. the existence of
simple IDE is not guaranteed any more for multi-commodity networks with zero free flow travel times:

12 - Il[(),l) +3- ﬂ[l,oo)

91,1

Figure 21: A multi-commodity network in which there exists no simple IDE until any time > 5. The
edge labels on the edges denote free flow travel time and capacity in the form (7., v.). In
particular, the dotted edges are zero free flow travel time edges.

Example 5.17. Consider the network depicted in Figure 21. It has three commodities which share a
common source node s and each have a single sink node. The source node is directly connected to the
sink nodes of commodities 1 (blue) and 3 (green) via edges of free flow travel time zero and capacities
6 and 3, respectively. The sink node of commodity 2 (red) is reachable from both these sink nodes
via an additional edge with free flow time 1 and capacities 2 and 3, respectively. This means that
particles of the blue and the green commodity each only have one single path while particles of the red

111



commodity may choose between two different paths. When the first of these particles start to enter
the network at time # = 1 the particles of the other two commodities already build up queues on the
two edges st; and sty (see Figure 22 for a visual representation). Both queues have the same length
(6), but the capacity of edge st; is large and so the current travel time along the upper s, to-path is
strictly shorter than along the bottom one. Thus, at first all red particles enter the upper path leading
to the waiting time on edge st; to stay constant while the waiting time on edge sts starts to decrease.
At time 6 = 2 then, both paths have the same current travel time. At the same time the first red
particles arrive at node t; and start to form a queue on edge t1t5. This has the effect that for the
next phase all red particles have to choose the lower path. This lasts until time § = 3 at which point
the last red particles arrive at node ¢; and, hence, the queue on edge t1to starts to decrease again.
Because of this, the red particles may now only use the upper path again. This pattern of switching
between the two paths now continues, however, with ever shorter length of the two types of phases:
The next switches happen at times 3.5 and 4, the ones after that at times 4.25 and 4.5 and so on.
Thus, the unique IDE in this network exhibits the following flow pattern:

425 4.75
= 0 1 2 3 35 4 45 5
2 S
Bl sy, =6
» | 3 I” h
6 6
3 3
@sta L5 075
ftttz 7777777777777777777777777 | | ] 7757777¢Vt1t2:2
Qo 1 05  0.25
R I R B
.:1;3 IVS% =3
6
3 3
Qists 1515 (15
ftttz 77777777777777777777777777777 Iytstz =3

In this diagram the height of the rectangles (as well as the numbers inside of them) indicate the inflow
rates into the respective edges (with the colours corresponding to the respective commodities) and the
height of the graphs for the queues denote their length at any time. The horizontal dashed lines show
the capacity of each edge, i.e. whenever the combined inflow rates exceed such a line, the queue on
the respective edge grows.

We can now see that this IDE requires an infinite number of phases to reach time 8 = 5, i.e. it has
a Zeno-event at time 6 = 5.
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This example immediately implies the following theorem:

Theorem 5.18. There exists an acyclic multi-commodity network with edges of free flow travel time
zero in which every IDE until a certain time £ < oo requires an infinite number of phases. In particular,
we cannot use an extension based approach like Algorithm 1 to compute IDE until any time horizon
T > £ in this network. O

As shown in the previous section, this kind of Zeno-type behaviour is not possible in single-commodity
networks without zero free flow travel time edges. However, individual phases might still become
arbitrarily small over time even in very simple networks:

Example 5.19. Consider the network depicted in Figure 23 with a single source node s with a
constant, infinitely lasting inflow rate of 2. There are two paths from the source s to the sink ¢: The
upper one via node v with a free flow travel time 2 and the lower one via nodes w and = with a free
flow travel time of 3. Both start with an edge with capacity 2 which is followed by an edge of capacity
1. Hence, in the empty network at time 6 = 0 only the upper path is active and all flow has to take
this path (see Figure 24 for a visual depiction). Beginning with time 6 = 1 this flow enters the second
edge vt of the upper path resulting in a queue forming on this edge. By time # = 2 this queue reaches
length 1 and, thus, the lower path becomes active while the upper one becomes inactive immediately
after as the queue on edge vt continues to grow because of the particles already on the upper path’s
first edge sv. Consequently, after time 6 = 2 all particles have to use the lower path. At time 6 =3 a
new queue begins to grow on edge wx while at the same time the last particles from edge sv arrive at
node v and, thus, the queue on edge vt starts to deplete after that. By time 6 = 3.5 those queues
reach a length of 0.5 and 1.5, respectively, making the upper path active again while the lower path
becomes inactive immediately after. This pattern of switching active paths continues forever, i.e. the
unique IDE during the initial interval [0, 3.5] can be described as follows

6= 0 1 2 3 35=4-1+271-1
+ ) 2 Iyﬁ, =2
+ - _____________4 L ___L________
vt 2 IVvt =1

2 15

QvL

j:{u 2 17/5111 =2
. S U

Qus 05
;; 77777777777777777777777777777777777777777777777777777777777 IVM =1

and for every interval [4k +27F — 1,4(k + 1) + 2~ *+1) — 1] with k € N* after that by:
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Figure 22: The first six events in the network from Figure 21. Note, that the picture is slightly
misleading insofar as the dashed edges should have a physical length of zero. In particular,
there is never any proper volume of flow on such an edge (only flow waiting in its queue).
The flow shown in the pictures on these edges is, therefore, only meant to indicate at which
rate flow will pass through this edge during the next phase but should be seen has having
measure zero right now.

114



+2-27F +3 -2k

. 9—k
270 +0 +1 +2 +3—27F =4k + 1) + 27+ 1
fj; 2 IVSU =2
+ L ______ D N R SR
fvt 2 Iuvt =1
3 — —k
99—k 2 Lokt
Qvt 1- 2_k
fstj 2 Il/sw =2
+ o e L. . .
fwg; 2 2 Il/wz =1
_9—k
1-92°F 2-2 127kt
JA 1 | Jve=1

Figure 25 shows the resulting queue length functions on the edges vt and wx as well as the current
travel times of the two paths for the times between 0 and 15. Figure 24 depicts snapshots of this IDE
between times 0.5 and 7.5.

Figure 23: A single-commodity network which can create arbitrarily short extension phases. All free
flow travel times are 1. The capacities of the thick edges sv and sw are 2 while all other
capacities are 1.

This example directly implies several negative results on IDE: Over time, extension phases can
become arbitrarily small, the number of necessary extension phases can be large compared to the
size of the instance and it is not guaranteed that an IDE ever reaches a steady state where, following
[CCO22a] we say that a dynamic flow reaches a steady state if all queue lengths (and, consequently,
all current travel times) remain constant forever after a certain point in time. Additionally, we also
define the weaker notion of a periodic state wherein queues may still change but only in a periodic way.
Both kinds of states are of interest for computing flows as, if such a state is reached (and detected),
one can stop the computation and still know the complete flow, i.e. one can compute an IDE for all
times by only computing it for some finite time.

Definition 5.20. Let f be a dynamic flow. We say that f reaches
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Figure 24: Snapshots of the unique IDE flow in the network depicted in Figure 23.
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Figure 25: Queue lengths on edges vt and wz (top) and current travel times on the paths sv, vt and
sw, wz, xt, respectively (bottom).

e a steady state if there exists some time & such that we have Q.(6) = Q.(§) for times 6 > ¢
and all edges e € E.

e a periodic state if there exists some time £ and a periodicity 7 € R>¢ such that we have
Qc(0 + k) = Q.(0) for times § > &, all k € Ny and all edges e € E.

Note that a steady state is, in particular, also a periodic state (with arbitrary periodicity).

Theorem 5.21. Considering only single-commodity networks with constant network inflow rates and
strictly positive, integer capacities and free flow travel times. Then the following statements are true:

a) There exists no general non-trivial lower bound for the length of the required extension phases in
this network depending only on capacities and free flow travel times.

b) There exists a network where the number of extensions required to reach an IDE up to any given
time horizon T > is in Q(T).

¢) There exists a network wherein no IDE ever reaches a periodic steady state even though the
minimal cut has higher capacity than the network inflow rate.

d) The worst case output complexity of any algorithm computing IDE in such network is not
polynomially bounded in the encoding size of the instances — even if we allow the algorithm to
use simple periodicity to reduce the size of the output.

Proof. The network from Example 5.19 clearly exhibits the first two properties. For the third property,
we add an edge st with free flow travel time > 5 and any capacity > 0 to this network. Since the
current travel time along both path sv, vt and sw,wz, xt never reaches 5 this does not change the
unique IDE in the instance (which clearly never reaches a periodic state). The fourth property follows
directly from the second one as the phases in the unique IDE in this network are all different and,
thus, we the output has to explicitly describe each of them individually. O
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Remark 5.22. The third property is not true for dynamic equilibria in the full information setting
since such equilibrium flows are guaranteed to reach a steady state (under the same assumptions on
the network) by [CCO22a, Theorem 3]. The other three properties are, to our knowledge, still open
questions in this model.

5.3. NP-Hardness of IDE-Decision Problems

While we have shown in Sections 5.1 and 5.2 that in single-commodity networks we can, in principle,
always compute IDE with Algorithm 1, the runtime bound provided in Corollary 5.16 is very large
(and, in particular, superpolynomial). Partly, the fault for this large bound certainly lies in the rather
rough estimates used in the proof of this result and it seems unlikely that there exists any instance
where such a runtime is actually achieved. On the other hand. Theorem 5.21 already suggests that at
least a polynomial time algorithm for computing IDE is unlikely to exist as even just writing down a
complete IDE (in a non-compressed way) requires superpolynomial space (and, therefore, time).

An even stronger result in this direction would be to show that computing IDE is (in some sense)
NP-hard. To do that, we first have to formalize a corresponding decision problem. The natural
problem would be

IDE EXISTENCE:
Input: A feasible single-commodity network A with right-constant network inflow rates

Question: Does there exist an IDE in N?

However, this is actually a trivial problem: The answer is always “yes” since we have shown in
Chapter 4 that IDE are always guaranteed to exist (cf. Theorem 4.36). This situation is quite
reminiscent of that for (mixed) Nash equilibria in finite game: Existence of mixed Nash equilibria
is guaranteed by a famous theorem by Nash ([Nas51, Theorem 1]) and proven using a fixed point
theorem. However, all known algorithms for computing such equilibria have superpolynomial worst
case runtime. Thus, to show that this problem is hard (and, hereby, justifying the large worst case
runtimes) one has to go different ways: One way is to introduce a new complexity class and show that
a) it contains other problems assumed to be hard and b) that the given problem is a hard problem
within this class. For the problem of finding mixed Nash equilibria this has been done by [DGP10]
with the class PPAD (cf. [DGP10, Theorem 6.1]). Another way is to create other, non-trivial decision
problems by not just asking for the existence of any equilibrium, but equilibria with certain additional
properties (e.g. a Nash equilibrium where a certain strategy is used or which achieves a certain social
welfare — cf. [CS03]). We refer to [NRTV07, Chapter 2] for a nice introduction to the topic of the
complexity of computing Nash equilibria.

For thin flows in the full information setting Cominetti, Correa and Larré argue in [CCL15, p.
27] that because their existence can be shown using Kakutani’s fixed point theorem (which itself is
PPAD-complete according to [Pap94, p. 526], [PVZ23, Theorem 3.17, Lemma 3.18]), the problem of
finding those thin flows is also contained in PPAD. Thus, the same should be true for IDE-thin flows
by the proof of Lemma 4.29. Note, however, that giving a formal proof for either ot these two claims
is by no means straightforward — see [Mar20, Abschnitt 5.2.2] for a discussion of the problems arising
thereby for the case of the full information setting.

We will now, instead, follow the second approach and adapt it to our setting. Namely, we will show
that all of the following problems are NP-hard:

SC-IDE WITHOUT GIVEN EDGE:

Input: A single-commodity network A with right-constant network inflow rates and an edge ¢ in
the network

Question: Does there exist an IDE in N not using edge e?
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SC-IDE WITH GIVEN EDGE:

Input: A single-commodity network A with right-constant network inflow rates, an edge e in the
network and a constant L > 0

Question: Does there exist an IDE in A such that at some time 6 we have F2 () > L?

SC-IDE TERMINATING:

Input: A single-commodity network N with right-constant network inflow rates with bounded
support and some time horizon 7' > 0

Question: Does there exist an IDE in N terminating before time 77

SC-IDE WITH FEW PHASES:

Input: A single-commodity network N with right-constant network inflow rates and some number
L €Ny

Question: Does there exist an IDE in A/ with at most L phases?

We will show NP-hardness of these problems by reducing the NP-complete problem 3SAT to them.

Proof idea: Since the main part of the reduction will be the same for all these problems, we start
by explaining this part: The goal here is to construct for any given 3SAT-formula ¢ a network
N3 which has the following property: There exists some special indicator edge é in Ng such
that every satisfying interpretation of ® can be translated into an IDE flow not using edge é
and every IDE flow not using this edge can be translated into a satisfying interpretation of ®.
This construction directly proves that IDE WITHOUT GIVEN EDGE is NP-hard. For the rest we
can use the indicator edge as an inflow switch for a source node § in another network N: If the
indicator edge is not used by Ng it can be used for flow normally entering N at 3 to bypass the
whole network. If, however, the indicator edge is used by N, a queue builds up on this edge
forcing the flow to use the network as usual (see Figure 26 for a schematic overview).

We now start the formal proof by constructing the network Ng:

Lemma 5.23. There exists a mapping ® — (Ng,é) between 3SAT-formulas and feasible networks
with a special edge € satisfying the following properties:

a) (Ng,é) can be constructed from ® in polynomial time (in the length of ®).

b) For every formula ® the network Ng is an acyclic single-commodity network with constant,
finitely lasting network inflow rates and non-zero integer free flow times and capacities.

c¢) If @ is satisfiable, then there exists an IDE in Ng not using edge é. Additionally, this IDE can
be chosen such that it has at most 9K + 6 phases and a termination time of at most 9K + 6
where K is the number of clauses in ®.

d) If ® is not satisfiable, then every IDE in Ng sends flow of volume at least 1 into edge é between
times 7 and 8.

e) Changing the capacity of edge é or any edge between é and the sink node t of No and/or putting
additional flow on any of those edges after time 6 does not change properties ¢) and d).

Proof. Let ® = ¢y Acag A--- Ack be a 3SAT-formula using variables x1, ..., zy. We then construct Mg
using two types of gadgets: K clause gadgets (one for each clause in ®) and N variable gadgets (one
for every variable in ®). We will first describe them separately and then explain how to connect them:
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Figure 26: A schematic overview of the type of network we will construct to show NP-hardness of
several decision problems involving IDE. The right part (Mg) will be the same for each of
those problems and we describe its construction in the proof Lemma 5.23. The left side

(N) will be chosen differently for each of the different decision problems.

A clause gadget C (cf. Figure 27 (left)) consists of a source node s with a network inflow rate
us =9 - 1jg,1), three more nodes v1,v2,v3 and three edges sv1, sv2, sv3 each with a free flow travel
time of 1 and a capacity of 9. We will embed this gadget into a larger feasible network in such a way
that there are no incoming edges into C' and exactly one outgoing edge from each of the three nodes
vp. Furthermore, we will ensure that there is a shortest vy, T-path from each of those nodes with equal
free flow travel time and which in every IDE has no flow on it until at least time 6 = 1.

Claim 11. Let C be a clause gadget correctly embedded into a larger feasible network N with locally
p-integrable network inflow rates for some p > 1. Then the following two properties hold:

(i) In every IDE there is at least one edge svy with Fg, (2) > 3.

(i1) For every set of non-negative measurable functions i, | ff . f& with >, f&, = us, there exists

an IDE with those functions as the edge inflow rates in C'.

Proof. Property (i) follows immediately from the observation that due to strong flow conservation we
must have F} (1) > % for at least one of the three edges. As the capacities on those edges are large
enough such that no queue can ever form there, this directly implies Fy; (2) = FJf, (1) > 3.

For property (ii) let (f,1) be some partial IDE in N (which exists by Theorem 4.15). Since there
are no edges leading into C, the edge inflow rates on the edges sv, inside gadget C' does not affect
whether or not (f,1) is an IDE in the remaining network. Furthermore, our assumption on the correct
embedding of C' guarantees that all three edges are active during [0, 1]. Thus, we can change the edge
inflow rates on these edges in any way we want and obtain a new partial IDE (f’,1). Extending this
to an IDE for all times (which is always possible according to Theorem 4.15) gives us an IDE in N/

with the desired flow rates on the edges in C. |

A variable gadget X (cf. Figure 28 (left)) consists of two input nodes z and Z, a mixing node y
and two output nodes z and Z which are connected as follows: there are three edges xy, Ty and yz
with free flow travel times 1 and capacities 1 as well as an edge yZz with free flow travel time 1 and
capacity 2. We will embed this gadget in a larger network in such a way that the only incoming edges
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Figure 27: Left side: The clause gadget C'. The dashed edges as well as node ¢ are not part of the
gadget and only indicate how to embed C' into a larger network. Right side: A possible
flow in C. When translating this flow to an interpretation of the given 3SAT-formula we
would interpret the first two literals of the corresponding clause to be true.

connect to the input nodes x and & and the only outgoing edges start at the output nodes z and Zz.
Moreover, there is a shortest z, T-path p, and a shortest Z, T-path p: such that the free flow travel
time along p; is exactly one more than that along p, and in every IDE there is never any queue on
path p, and on path p; there is never any queue before time 6.

Claim 12. Let X be a clause gadget correctly embedded into a larger network N and f any IDE in
this network.

(i4i) If no flow ever arrives at either node x or T, then no flow will ever use edge y2.

(iv) If a flow volume of at least 3 arrives at each of the two input nodes during [2,3], then the edge
inflow rate into edge yZ is at least 1 almost everywhere during [5, 6].

(v) If no flow enters the gadget before time 2, then no flow leaves edge yz before time 5. This is
true even without the embedding-assumption that there are no queues on path p; before time 6.

Proof. If flow only ever enters the gadget over node x, this flow arrives at node y at a rate of at most
1 (since vy = 1). Thus, no queue can ever form on edge yz. As there is also never a queue on path
p. while path p; is strictly longer, yz will always be the only active edge starting at y. Therefore,
no flow ever enters edge yz. Exactly the same is true if flow only ever enters the gadget via node .
Thus, property (iii) is satisfied.

If, on the other hand, at each node a flow volume of at least 3 arrives during [2, 3], both edges =y
and Ty have a queue of length at least 2 by time 6 = 3. Since the queues operate at capacity, this
implies that each of the edges has an outflow rate of 1 during [4, 6]. As long as the queue on edge yz is
smaller than 1 all this flow enters this edge (as it is the only active one then). Once the queue length
reaches 1 (which happens by time 5 at the latest), edge y2 becomes active as well. Whenever this is
the case, flow can enter edge yz at a rate of at most 1 (to keep the queue from growing any further)
and the rest enters edge yZ. In particular, during [5, 6] the queue on edge yz will always have a length
of 1 and the flow arriving at a rate of 2 at node y must split equally between the two edges (note that
no queue can ever forms on edge yZ and no queue exists on path p; until at least time § = 6 by our
assumptions). Thus, property (iv) holds as well. An example for such a flow is depicted in Figure 28
(right).
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Figure 28: Left side: The variable gadget X. The dashed edges as well as node ¢ are not part of X and
only indicate how to embed this gadget into a larger network. Right side: A prototypical
example of an IDE where flow of volume at least 3 entered the variable gadget through
each of the two input nodes during the time interval [2, 3].

Finally, for property (v) we once more use the observation that flow may only enter edge yZ if there
is a queue of length at least 1 on edge yz. Under the assumption that no flow enters the network
before time 2 this cannot be the case before time 4 as the inflow into node y can then only start at
time 3 and be at a rate of at most 2. Thus, flow cannot enter edge yZ before time 4 and, hence, not
leave it before time 5. |

We now construct the whole network ® as follows (cf. Figure 29): We take one copy of the clause
gadget C for every clause of ® and one copy of the variable gadget X for every variable in ® and
connect them as follows: If the /-th literal in some clause ¢ of ® is a positive variable x we connect
node vy in the clause gadget corresponding to ¢ to node x in the variable gadget corresponding to the
variable x. If the /-th literal is a negated variable -z we connect to the node Z in the corresponding
variable gadget instead. In both cases the connecting edge has a free flow travel time of 1 and a
capacity of 9. Next, we add three more nodes a, b and t and declare ¢ the only sink node in this
network. Furthermore, we add an edge z¢ with free flow time 1 and capacity 1 as well as an edge Za
of free flow time 1 and capacity 2 from every variable gadget. Finally we add an edge € := ab and an
edge bt, both with free flow time 1 and capacity 1.

This construction is clearly possible in polynomial time, i.e. the mapping ® > (N, €) satisfies a).
It is also obvious that the network Ng satisfies all the properties in b). So, it remains for us to show
that properties ¢) and d) are satisfied as well. For this, we first observe that both types of gadgets
are embedded into Mg in such a way as to satisfy the assumptions of Claims 11 and 12: For every
node vy in any of the clause gadgets the unique physically shortest vy, t-path is either a path of the
form vex, zy, yz, 2t or viZ, Ty, yz, 2t (depending on whether the ¢-th literal in the corresponding clause
is positive or negative). All these paths have the same free flow travel time (namely, 5). Since the
only nodes with positive network inflow are the nodes s in the clause gadgets, there can be no flow
outside these gadgets before time § = 1. So, the clause gadgets are correctly embedded in the network.
The shortest z,t-path for any variable gadget is just the edge 2zt (with free flow time 2) while the
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Figure 29: The complete network N for a 3SAT-formula consisting of K clauses in N variables.

shortest Z,t-path is Za, ab, bt (with free flow time 3). Furthermore, the capacities of edges zt, yZ and

Za guarantee that no queue ever forms on them. Finally, no flow can reach edge ab or bt before time

6 = 6 by property (v) and, thus, no queue can form on those edges before time 6. Thus, the gadgets X

are correctly embedded as well. Note, that changing the capacity of edge é = ab or edge bt or putting

additional flow on them after time 6 does not change any of this. Hence, property e) holds as well.
Using Claims 11 and 12 we can now show that Ny satisfies properties ¢) and d):

1. Case: ® satisfiable: Let 5 : {x1,...,2xy } = { TRUE, FALSE } be a satisfying interpretation of

®. Then, we can choose for every clause of ® one literal which is true under 3. According to
Claim 11(ii) there exists then an IDE f in Mg wherein in every clause gadget we only send flow
towards the node vy corresponding to the chosen literal in this clause. This then implies that in
every variable gadget flow only arrives either at node z or at node Z. Thus, by Claim 12(iii) no
flow will ever use any of the edges yZ and, therefore, no flow will ever arrive at node a. Hence,
edge é will always be empty in f.
For the bound on the termination time we note that the total flow volume ever in the network
is 9K. If, in the worst case, all this flow goes through a single input node x or z, then the last
particle arriving there at time 6§ = 3 would have a waiting time of 9K — 1. Together with the
free flow travel time of 4 for the remaining path zy,yz, zt, this means the last particle will
arrive at ¢ at time 3+ 9K — 144 = 9K + 6. The bound on the number of phases now follows
by observing that in the flow constructed above events only happen at integer times.

2. Case: ® unsatisfiable: Let f be any IDE in N. If there is a variable gadget with flow of volume
at least 3 arriving at each of its two input nodes during [2, 3], then a flow of volume at least
1 will leave this gadget at node £ during [6,7] by Claim 12(iv). This flow will then enter
edge é during [7, 8]. If, on the other hand, there were no such variable gadget, then we could
construct a satisfying interpretation of ® as follows (which is then a contradiction to ® being
unsatisfiable): For any variable = set 8(z) := TRUE if if the total inflow into node z is at least
3 and f(x) := FALSE if the total inflow into Z is at least 3. If neither of those is the case, we
may choose any interpretation for the variable x. This interpretation now satisfies ® since,
according to Claim 11(i), for every clause the corresponding gadget has at least one node vy,
which receives a flow of at least 3 which then enters the corresponding variable gadget. Thus,
the literal corresponding to this node vy is true under f. O
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With this lemma we now immediately get NP-hardness of SC-IDE WITHOUT GIVEN EDGE. For the
reductions to the other problems we need one additional construction: Namely, we want to use Ng as
a switch for the network inflow in another network N, i.e. construct a new network N in which there
exists an IDE where a certain part of the flow completely bypasses A if and only if ® is satisfiable.

Lemma 5.24. Let N be a single-commodity network where all network inflow rates are zero before
time 8 = 84+ M for some M € Ny, there is no network inflow at any sink node and s is a source node in
N such that the network inflow rate s at § is bounded and has its essential support in [84+ M, 8+ 2M].
Then there is a mapping ® — Nop between 3SAT-formulas and feasible networks containing N as
subnetwork satisfying the following properties:

a) N can be constructed from ® in polynomial time (in the length of ®).

b) If N s acyclic, has non-zero integer free flow travel times and/or capacities, then the same
holds for Ng.

¢) If ® is satisfiable, then there exists an IDE in N such that its restriction to N is an IDE where
uz has been replaced by the zero function. If § was the only node with positive network inflow in
N then the IDE in Ng can be chosen such that

e it has a termination time of at most max { 9K + 6,9 + 2M + 7, }, where T, is the free

flow travel time along a physically shortest s, T-path in N and K the number of clauses in
.

e it has at most 9K + 16 phases if, additionally, @z is constant during [8 + M,8 + 2M].
d) If ® is not satisfiable, then every IDE in N restricted to N is an IDE in this subnetwork.

Proof. Given a 3SAT-formula ® we construct N.:p as follows (cf. Figure 30): Let B € N* be some
bound on the network inflow rate iz at 5 in N, 7, =min{}° | pa 5 T-path in N'} the free

flow travel time along a physically shortest §, T-path in A/ and assume without loss of generality that
Tpmin = 2, which is also the free flow travel time along a physically shortest a, t-path in Ng.

We take the (disjoint) union of the networks A" and Np and add two extra nodes s’ and . We
connect 5" to 5 in N and a in N with edges of travel time M and capacity B. Furthermore we add an
edge tt’ with free flow travel time 1 and capacity D 5— (D) Ve for every sink node f in N and an edge
tt" with free flow travel time 7, . — 1 and capacity ) . 5 (1) Ve for the sink node ¢ in Ng. Finally, we

change the capacities of é = ab and bt in N to B, the network inflow rates at 5 in N to zero, at @ in
Ng to B - 1ig ar1g) and at s to az(_ — M).

Now, we observe that since the only changes made to Ny are moving the sink further away, changing
the capacity of edges é and bt and adding additional flow to these edges after time 6, the IDE flows in
N still exhibit the same properties as in Lemma 5.23. Furthermore, the capacities of the new edges
are chosen such that no queue can ever form on them while the free flow travel times are chosen such
that without any queues the edges s’s and s’a are both active.

Therefore, if @ is satisfiable, then according to Lemma 5.23c) there exists an IDE such that the only
flow from Ny entering ¢ is the one entering the network at node a. Thus, the queue on é is empty until
at least time M and edge s’a is active throughout this period. Hence we can send all network inflow at
node s’ along this edge, hereby bypassing network N. As this flow will not encounter any queues on its
way, its last particle has reached the sink node ¢’ by time 6 = 8+ M+M+1+1+7, . —1 = 94+2M+7,_.,
which, together with the bound in Lemma 5.23¢c), gives us the desired bound on the termination time
for the case where there are no other nodes with positive network inflow in N. If, additionally, uz is
constant, then the bypassing flow is responsible for at most 2 events on each of the 5 nodes on its
path. Together with the bound in Lemma 5.23c¢) this again gives us the desired bound.

If, on the other hand, ® is unsatisfiable, we know from Lemma 5.23d) that a queue of length at
least 1 will have formed on edge é by time 8 and remain there until at least time 8 + M. Since no flow
enters network A before time 8 + M, this means edge s’a will be inactive throughout [8,8 4+ M] and
all network inflow at node s’ has to travel along edge s’5. Thus, this flow enters A in exactly the
same way as described by ;.
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Figure 30: The network N constructed in Lemma 5.24 for a given network A and a 3SAT-formula
®. Capacities of oo denote capacities chosen in such a way as to guarantee no queue ever
forms on these edges, i.e. at least the sum of the capacities of all edges leading into the
respective edge.

Hence, Ny satisfies both properties ¢) and d). Properties a) and b) are directly clear from the
construction. O

Theorem 5.25. The problems SC-IDE WITHOUT GIVEN EDGE, SC-IDE WITH GIVEN EDGE, SC-IDE
TERMINATING and SC-IDE WITH FEW PHASES are all NP-hard.

SC-IDE WITH FEW PHASES is NP-complete when restricted to instances where K is polynomially
bounded in the size of N.

All this remains true even when restricted to only acyclic networks with strictly positive, integer free
flow travel times and capacities.

Proof. NP-hardness of IDE WITHOUT GIVEN EDGE follows directly from Lemma 5.23 and the NP-
hardness of 3SAT (Proposition 2.73) as Ng has an IDE not using edge é if and only if ® is satisfiable.

For IDE WITH GIVEN EDGE we use Lemma 5.24 with a network A consisting of a single edge §¢
and a network inflow rate of iz := Lz ar,842n7). Then, we can send all network inflow at node s’ in
N into edge s'a (hereby having F2,(8 + M) = M) if and only if ® is satisfiable.

For IDE TERMINATING we use Lemma 5.24 with a network N consisting of a single edge 5t with
free flow travel time 1 and capacity 1 and a network inflow rate of iz := (9K + 6) - 1341 849 and
choose T':= 9K + 7. Then, we can bypass N and achieve a termination time of max {9K +6,12} <T
if @ is satisfiable, while having to send all network inflow at node s’ through N and get a termination
time of 9+ 9K + 5+ 2 > T, otherwise.

Finally, for IDE WITH FEW PHASES we use Lemma 5.24 and the network from Example 5.19 with
inflow rate 2 - Lj3x411,65+15) as N and choose L = 9K + 16. Then, we get an IDE flow with at most
9K + 16 = L phases by bypassing N if @ is satisfiable. If, on the other hand, ® is unsatisfiable, then
any IDE in NV has at least 4 - (3K 4 4) = 12K + 16 > L phases.
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If K is polynomially bounded in the length of ®, then IDE WITH FEW PHASES becomes NP-
complete as the IDE flow corresponding to a satisfying interpretation can be described (and checked)
in polynomial size (and time) in the number of its phases. O

Clearly, many more decision problems involving IDE can be shown to be NP-hard using the same
approach as in the above proof. Essentially, every property for which the following two assumption
hold, can be used to create such an NP-hard decision problem:

e The IDE in N3 corresponding to a satisfying interpretation of ® has this property.
e There exists a feasible network wherein no IDE has this property.

As a final remark we want to mention that the switch-construction in the proof of Lemma 5.24
clearly also works for multi-commodity networks. Thus, the following decision problems can easily be
shown to be NP-hard as well:

MC-IDE WITH FINITELY MANY PHASES:

Input: A multi-commodity network N with right-constant network inflow rates with bounded
support

Question: Does there exist an IDE in A/ with finitely many phases?

MC-IDE EVENTUALLY TERMINATING:

Input: A multi-commodity network N with right-constant network inflow rates with bounded
support

Question: Does there exist an IDE in A/ which eventually terminates?

For MC-IDE WITH FINITELY MANY PHASES we can use the network from Example 5.17 as N while
for MC-IDE EVENTUALLY TERMINATING we can use the network we will use in the following chapter
to prove that multi-commodity networks are not guaranteed to terminate (Theorem 6.18).

5.4. Bibliographic Notes and Open Questions

The results of this chapter are mostly based on joint work with Tobias Harks published in [GH23]. The
possibility of computing IDE-thin flows for multi-commodity networks without edges of free flow travel
time zero using a MIP was already observed by our coauthor Leon Sering in [GHS20, Section 5.1]. A
first result for bounding the number of phases in an IDE was obtained by Kraus in his master’s thesis
for a certain subclass of series parallel graphs ([Kra20, Corollary 2.12]). His proof already highlighted
how one can show properties of IDE by starting with a local analysis of these properties (e.g. at a
single node) and then lifting them by some inductive argument to the whole network.

This “localness” of IDE is also a crucial ingredient to most of the proofs in this chapter: E.g. we
compute IDE-thin flows by computing them on a node-by-node bases, we bound the number of
events in an IDE by bounding it separately at every node and we construct (and show correctness
of) networks for our NP-hardness results out of small gadgets. It is also because of this reliance on
local analysis that it seems unlikely that one can transfer these results directly to dynamic equilibria
in the full information setting where most of the questions answered in this chapter are still open.
In particular, a polynomial algorithm for computing thin flows in the full information setting is only
known for the case of series-parallel networks ([Kai22a]) while the question of whether a finite number
of extensions suffices to construct a full equilibrium flow is still completely open (see e.g. [Kai22b,
Section 4.6] or [OSK22, Section 7]).

There are, of course, also still open question when it comes to the computational complexity of
IDE: Our bounds for the worst case runtime of an algorithm constructing IDE in a single-commodity
network given in Corollary 5.16 is extremely large and seems unlikely to be tight. Improvements on this
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bound, therefore, would certainly seem plausible. Note that our lower bound from Example 5.19 would
even allow for a weakly polynomial algorithm. Another potential direction for future research could
be studying whether IDE in networks with zero free flow travel time edges or multiple commodities
can still be computed in finitely many extensions (for networks with both of these we know this not
to be the case by Example 5.17). In particular, for acyclic multi-commodity networks it seems quite
possible that one could adapt our proof for the single-commodity case as the only place we use a
specific property of single-commodity IDE is for Claim 9 in the proof of Lemma 5.11 where we used the
uniqueness of the node-labels in single-commodity IDE-thin flows. Finally, it would also be interesting
to obtain stronger hardness results for IDE like, for example, PPAD-hardness.
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6. Quality of IDE

In this chapter we study the quality of IDE in terms of the two quality measures defined in Sub-
section 3.2.2: Makespan and total travel time. More specifically, we want to answer the following
questions:

e Are IDE guaranteed to terminate (and, therefore, have finite makespan and total travel time)?
e If so, what lower and upper bounds can we find for makespan/total travel time of IDE?

e What is the worst ratio of makespan/total travel time of an IDE compared to an optimal flow
(i.e. the Price of Anarchy)?

Of course, all these question are only relevant for networks with finitely lasting network inflow rates.
Hence, with the exception of Proposition 6.3 and Theorem 6.5 we will only consider those throughout
this chapter. We will start by considering the first two questions first for acyclic networks, then for
single-commodity networks and, finally, for multi-commodity networks. We will then summarize all
our results in terms of the Price of Anarchy for these different classes of instances.

6.1. Upper Bounds

As our first results on the quality of IDE we will show upper bounds for both makespan and total
travel time in acyclic networks and single-commodity networks.

6.1.1. Acyclic Networks

For the case of acyclic networks we will show our upper bounds not just for IDE but actually for all
Vickrey flows. Given an acyclic network we denote by

Tpmax = maX{ZTe |pav,Ti-path foranyv e V,ie I} and vy =min{v.|ec E} (48)
ecp

the free flow travel time along a physically longest path and the smallest capacity in the network,
respectively. Then, a natural guess of an upper bound for the makespan is 6+ Tpmax + U since this
is the arrival time of the last particle that enters the network (at time é) if it chooses the longest
possible path (with free flow travel time 7, ) and, at some point, has to wait behind every other
particle of the network (leading to a total waiting time of UL) Intuitively speaking, this should be
the worst possible flow (with respect to the makespan). Howg{;ler, the following example shows that at
least proving this upper bound is not as straightforward:

Example 6.1. Consider the network in Figure 31 consisting of a single path consisting of three source
nodes s1, s and sz followed by a single sink node ¢ at the end. In the unique Vickrey flow (also
depicted in Figure 31) the blue particles entering the network at the leftmost source s; first have
to wait on edge sos3 behind the particles entering the network at so and then again on edge sst
behind the same particles as those in turn had to wait behind the green particles which entered the
network at the rightmost source ss.

Nevertheless, the conjectured bound itself still holds in this network and one could even argue that
it is still true that every particle is “responsible” for making the blue particles wait at most once as
the second time those particles get blocked by red particles, this is only because they, in turn, got
blocked, by green particles. For the discrete version of this flow model (with unit sized packets instead
of infinitesimal particles) this idea can in fact be formalized by introducing an additional virtual
packet (token) which enters and and leaves the network at the same time as the last particle while
also travelling through the network in such a way as to only be delayed at most once by any other
packet. This idea was used by Cao, Chen, Chen and Wang in [CCCW22]| to show an upper bound on
the makespan for the discrete flow model. As Sering, Vargas Koch and Ziemke have shown in [SVZ22]
that (continuous) Vickrey flows can be approximated by discrete packet routings, this bound can be
transferred to our setting as well:
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Figure 31: An instance wherein particles of the blue flow are blocked twice by the same particles (of
red flow).
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Proposition 6.2. Let N be a feasible acyclic network with strictly positive, integer free flow travel
times and capacities, a single source,sink-pair for each commodity and finitely lasting network inflow.
Then we have X

V(f) <0+ U + 7p,..

for any Vickrey flow f in N which has a path decomposition into path flows along simple paths.

Since we have not formally defined the discrete flow model here, we will not provide a full proof
for this proposition using the approach explained above. Instead, we will only provide a rough proof
sketch and refer to Theorem 6.5 (which generalizes Proposition 6.2) for a formal proof. We refer to
[Var20, Section 4] for a good introduction to the discrete packet routing model and to [SVZ22] for a
formal description of the discretization of (continuous) Vickrey flows.

Proof sketch. We start with the observation that we can assume without loss of generality that all
free flow times and all capacities are exactly 1. If this is not the case, this can be accomplished by
subdividing each edge e into first v, parallel edges and then each of those into a sequence of 7. edges.
We can also transform f into a Vickrey flow in the new network in the natural way. We observe that
this transformation changes neither the free flow travel time of the physically longest path nor the
makespan of f.

Now, according to [SVZ22, Theorem 2| there exists a sequence (r™),en+ of discrete packet routings
such that in r™ we have |n2U | packets of size # and a time step size of % Furthermore, the arrival
times W(r™) of the last packet under 7™ converge to the arrival time of the last particle in f, i.e.
U(r") 2 W(f). Hence, it suffices to bound the the arrival times ¥(r™). To do that for any fixed
n € N*, we once more transform our network by scaling the time step size and free flow travel times
by n (which, in particular, scales both ¥(r™) and 7, by n), edge capacities by n (i.e. setting v, =n
for all edges) and every packet by n? (making them unit sized). Then we subdivide every edge in n
consecutive edges (with free flow travel time 1 each) and add, for every packet, a new source node
connected to the original one with a path consisting of na edges (with free flow travel time 1 and
capacity n) where a € Ny is the starting time of the respective packet in the original network. Hence,
we can now let all particles start at time 0 and achieve the same routing r™ as before (using the
appropriate transformations). Furthermore, the free flow travel time of the longest source-sink path in
the new network is clearly bounded by [nd] + n,,_.

For this new routing we can now apply [CCCW22, Theorem 2| to show that the last packet arrives
at its sink before time [n] +n7,_. + 17°U) which immediately implies U (r") < 6 + L T +U In

n

the untransformed network. As this holds for any n € Ny, this shows ¥(f) < 6+ Tpmax T U- O

Using a cut-based approach set completely in the world of continuous flows we can find a more
general lower bound that not only bounds the arrival time of the last particle but also the amount of
flow having reached the sink at any given time. This then not only implies the above bound on the
makespan but also allows us to derive a bound on the total travel time. We first show this bound only
for single-commodity networks and afterwards deduce the bounds for multi-commodity networks from
it.

Proposition 6.3. Let N be an acyclic single-commodity network with a single sink reachable from
every node in N and vy, > 1. Then we have

Z(0) > Z(9) + min { F2(¢),0 — 9 — 7o }
for any Vickrey flow f in N and all times 8 > 9 > 0.

Proof idea: Since we want to upper bound the worst case flows, we will consider pessimistic
distances, i.e. distance measured in terms of the longest possible path towards the sink. Now,
consider the node which is the furthest away from the sink (with respect to this pessimistic
distance). Then particles starting at this node have no other choice but to travel towards a node
which is strictly closer to the sink. Since all edge capacities are lower bounded by v, this
happens at least at a rate of vy,;,. Together this gives us a lower bound for how much flow must
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be closer to the sink than 7, . We can now repeat this argument with the node which is second
furthest away from the sink and so on until we get our desired bound for flow already at the sink.

In other words, we will actually prove the following stronger claim: For any time and any
suitable cut of the network splitting it in nodes closer to the sink and nodes further away, there
is some lower bound (given explicitly in Claim 14) on how much flow must have crossed this cut
by then.

Proof. We start by defining for every node v € V' the pessimistic remaining distance

dy = maX{ZTe | pav,tpath},
eEp

where t € V is the unique sink node in N'. This is well-defined as A is acyclic and ¢ is reachable from
every node. Next, we claim that there exists some topological order which is compatible with the
pessimistic remaining distance:

Claim 13. There exists a topologzcal order v, < --- < vy such that we have v1 =t and v < w —
dw < d, for all nodes v,w as well as dy > Tow + d for all edges e = vw.

Proof. We can construct an order < with the desired properties as follows: Start with any topological
order <’ (which exists by Proposition 2.65 because N is acyclic) and then sort the nodes first with
respect to their (non-increasing) pessimistic remaining distance and second with respect to the initial
topological order (i.e. use <’ to sort nodes with the same pessimistic remaining distance).

Since the network is acyclic, we have d; = 0. Furthermore, as we can reach ¢ from every other node,
t is the only node without any outgoing edges. Thus, ¢ is the largest node with respect to the initial
topological order. Together these two properties ensure that ¢ is also the largest node with respect to
our new ordering <. ~ ) )

To show that < is a topological order, take any edge vw. Then we have d,, > Ty, + dyy > d,, and,
therefore, v < w. Finally, < is compatible with the pessimistic remaining distance by construction. W

Figure 32: An acyclic single-sink network with nodes placed according to their pessimistic distance dy.
All edges except for edge vyvs have free flow travel time 1. Thick edges are tight with
respect to pessimistic distance. The red line indicates the cut corresponding to k = 5. The
colour of the drawn flow shows whether this flow is counted in F<5(6) (red) or not (blue).

So, from now on we fix one such topological order and enumerate the nodes such that we have
vy <+ <vy =t Let Vi = {wv1,...,v; } be the set of the k largest nodes with respect to this order.
We then clearly have d < dvk for all v eV and d > dv,c for all v € V'\ V},. We denote by

Fep(0) =Y U@+ > Fo(0+min{dy, —du,7})

veEV) e=vwed— (Vi)
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the flow volume closer to the sink than vy (see Figure 32). Note, that we count flow which has already

reached the sink as still being in the network here. We now observe the following natural properties of
F. <k:
(i

F<j, : R>¢ — R>g is non-decreasing for any k € [n],

ng(e) > ng_l(e) for all k£ € {2, . ,n} and 6 € Rzo,

—
—
=
|

i

—~
>

N—
Il

Z(0) for all 8 € R>g.

Monotonicity of F<j follows immediately from the monotonicity of U, and F_ . Furthermore, we
have Fie,, (0) = 3 v Un(#) = U(0) since V;,, = V and 67 (V) = 0 while F<;() = Z(6) holds by strong
flow conservation at v; =t and the fact that there are no outgoing edges from ¢. Finally, we have

Fep_1(6) @ Z U, (0) + Z Fo(0+min{d,, , —dy,7e})
veEVE_1 EIUWE(S*(V)C_l)ﬂ(s*(Vk)

+ > Fo(0+min{dy_, —du,7})

e=vLweEdt (vg)
Z Uy (0) + Z F7(0 4+ min { dy, — duy, 7 })
veEVE 1 e=vwe€d~ (Vip—1)Nd— (Vi)

+ Z E-(0+7.)

e=vpwedt (vy)

(#)
<

() ~ -
< > UG+ > F7 (0 +min {dy, — duw,Te })
veEVE_1 e:vweﬁf(kal)ﬁ(;*(vk)
S R oA ()
e=vwedt (vy)
YOS v+ 3 Fo (6 +min{dy, —dy,7})
vEVE_1 e=vwe€d~ (Vi—1)N5— (Vi)
+Us(0)+ Y Fo(6)
e€d™ (vg)
— Z U, (0) + Z F;(G‘erin{zka —dy, Te H
veEVE_1 e:’Uwe&*(Vk_l)ﬂ&*(Vk)

+Un(0)+ > Fo(0+min{dy, —dy,7})

e=vvL €5~ (vg)

(o) AR 3 F (0 +min{dy, —dy,7})

vEV e=vw€d— (Vi)Nd— (Vi)
= Fei(6)

which shows that (ii) holds as well. Here we used the fact that all edges vyw € 6 (vy,) satisfy vy < w
and, therefore, w € Vj,_1 at (), strong flow conservation at the non-sink node vy, for (x), the fact

that - and F. are non-decreasing at (#) and flow conservation on edges at (A). Additionally, we
used d,, _, < d,.

Proving the proposition can now be accomplished by providing a suitable lower bound for Fv;. We
will now do that by showing the following lower bound for all F<; via downwards induction on k:

Claim 14. For all k € [n] and times § > 9 > 0 we have

Fep(0) > My(6,9) == min { U(9), F<(0) + 0 = — 7y, +dy, } - (49)
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Proof. We will show this claim by downwards induction over k:

Base Case (kK = m): This case is trivial as we have:
Fen(6) 2 U(8) > UW) > min { U(®), Fen(9) + 6 — 0 — 7+ do, } = Mo (6,9).
Induction Step (kK — k — 1): Fix any ¢ > 0. We then have to show
Fep—1(0) — My_1(0,9) >0

for all § > 1. We do this separately for the two intervals [, + 7, — dv,_,] and (9 + 7. —
dy,_,,0).

The case 6 € [,0 + 7. — dy,_,] is trivial as we have

(1) -
ngfl(e) > F<k*1(19) > F 1(/19) + 8 - (’19 + Tpmax - dvk—l)
> min {UW), F<p_1(0) + 0 — 0 — 7. +doy, , } = Mx_1(0,9).

For the case 6 € (V47 — czvk ,,00) we want to apply Proposition 2.48. This is possible since
Fep—1(0) — My_1(6,7) is (as function in 6) absolutely continuous as sum of absolutely continuous
functions and we have already shown that Fey_1 (947, —du, ) —My_1(9+7p,.. —du,_,,0) >

0. Thus, take any time 6 € (9 + 7, — dy,_,,00) where Fj_1(0) — My_1(6,9) is differentiable
and we have Fcp_1(0) — My_1(0,9) < 0. Then, we have

My_1(0,9) = min {U(0), F<_1(9) +0 —0 — 7. +dy,_, }

(i) - - -
< min {U(8), Fep(9) + (0 + doy_, — o) = 9 — Ty + o } (50)

= Mp(0+dy, _, —dy,,?)

which gives us

(50) -
0> F§k71(9) — Mk,l(ﬁ,ﬁ) > ng,l(e) — Mk(e + d'Uk—l — dvk719)
() - -
> Fﬁk*1(6> - FSk(e + dkal - d'Uk)

0
=Y [ Qa0 )

veEVE_1 9+d%71 _d%

+Z( (0 +min{dy,, , —dy, 7 })— F (0 +d,,_, —dy, +min{d,, — w,Te})>
e=vwe€d (Vip)Nd~ (Vik—1)

+ Z F7(0+min{d,,_, —dy,7e}) — Z F (0 +d,, , —dy, +min{d,, —dy,7})
EIIIIUE(S_(V)C_l)\(S_(Vk) e:’UwE(s_(Vk)\(s_(Vk_l)

(#) - -
> _ka (9 + d'Uk 1 d'”k)

+Z( (0 4+ min{dy, , — dw,7e }) — F, (0 + min {d,, | czw,T@})>
e=vwed (Vi)Nd~ (Vik—1)

+ZF6_(9—|—min{c‘l~vk71— v Te | ZF (0 +dy, , —dy, +min{dy, —dy,,7e})

e=ukw66+(vk) e=vvR €5 (vg)

= 7ka(0+d7)k—1 762111@)
+ZF(;(0+min{d:Uk—l — duy, Te b - ZF67(0+JUk—1 — du,)

e=vpwEST (vy,) e€d” (vk)
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) N e - ; ; ;
= ZFe (0 4+ min{dy,_, —dw,7e}) — ZFGJF(G_FdUk—l — du,)
e=vpwEST (v,) e=vpwEST (v,)

(#),(O) ~ ~ ~ -
> S (R0 min{dy,, —dum}) = FHO+min{dy,_, —dy —7,0}))

e=vywedt (vi)

= Z —Q.(0 + min{ciukf1 - dw,Te} — Te)-

e=v,wEST (vg)

Here we used induction together with 6 + Jkal — czvk >0+ Ty — Jvk > ¢ (using our case
assumption) at (¢). At (#) we used the fact that F.f, F~ and U, are non-decreasing and at ()
we used strong flow conservation at the non-sink node vy. Finally, for (O) we observe that
dy + 7e < d,, for any edge e = vyw € 6 (vg) implies dy, , — dy, < dy,_, — dyw — T for such
edges.

Thus, there is at least one edge e = vyw € 6t (vy) C 6 (Vi_1) which satisfies Q.(0 +

min { dvk—l —dy,Te } — Te) > 0. As the queue on this edge operates at capacity, this implies
OF, (0 +min{dy,_, — dw,7e}) = fo (0 +min{dy,_, —duw,7e}) = Ve > vmin > 1
and, therefore,
0o (F<r—1(0) = My—1(0,0)) > fo (0 + min{dy,_, —dw,7}) =1 >0

for almost all such 6. Thus, Proposition 2.48 guarantees F<j_1(0) — My_1(6,9) > 0 for all

0>9Y+ 1, —dy,_, which proves the claim. |

The proposition now follows by choosing k = 1:

iv Cl 14 ~
Y 0) > Mi(0,9) = min {U®D), F<, () +0—9 — 7y +ds}

2 min {U(9),Z(I)+60 -9 —1,,... +0}

Z(0)

Prop. 3.53

Z(9) 4 min { FA(9),0 =9 — 7, +. O

This result is now easily extended to the multi-commodity case (in acyclic networks!) by adding a
super-sink:

Corollary 6.4. Let N be an acyclic multi-commodity network where the network inflow rates at all
sink nodes are essentially bounded. Then we have

Z(Q) 2 Z(ﬁ) + min { FA(ﬂ)’ Vmin - (9 - 19 - Tpmax) }
for any Vickrey flow f in N and all times 8 > 9 > 0.

Proof. We want to reduce this corollary to the case of Proposition 6.3. For this we transform the
given network A/ and flow f into a new single-commodity network N’ and flow f’ as follows: First,
we scale all edge capacities in N by ﬁ and then add a new sink node ¢t and an edge vt with free
flow travel time 0 and capacity

=g (X et Y esssup{ui(0) |0 €Rx0})

Vmin
e€d— (v) icl:veT;

from every node v in N to the new node t. Next, we define the node inflow rates in A by
setting u! = —1 > ic1 Uv,i for all nodes from the original network and u; := 0 at the new node

Vmin

t and declare t to be the only sink node in A’. Finally, we define a flow f’ in A/ by setting
fir = % fFand fim = Vl. fo for all edges e of the original network while for any new edge vt
setting fi = fl = ﬁ > ic1 0Boi

The new network N’ is now clearly an acyclic single-commodity network with edge capacities of at

least 1 and a single sink node reachable from every other node. Furthermore, we have T];max = Tpax
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and f’ is a Vickrey flow in N/ with Z’ = % - Z (note that the edge capacities on the new edges are
chosen large enough such that they are not violated by our choice of f/;). Thus, we get

Prop. 6.3

Z0) = Vinin - Z'(0) > Vimin - Z'(0) + min { vinin - F'>(0), vinin - (0 -9 =7 )}
= Z(9) + min { FA(9), Vmin - (0 — 0 — 7p,...) }
for all times 6 > ¢ > 0. O]

Using this result we can now also bound makespan and total travel time of Vickrey flows in general
acyclic networks:

Theorem 6.5. Let N be an acyclic multi-commodity network with finitely lasting network inflow
rates and essentially bounded network inflow rates at all sink nodes. Then we have

\I!(f)gé—i— v + Tppaes and  E(f) < U +UTpn

Vmin Vmin

for any Vickrey flow f in N where U := U(0) is the total flow volume to ever enter the network.

Proof. As the assumptions here are the same as in Corollary 6.4, we can use the lower bound on Z(6)
from there. The makespan bound then follows by choosing ¥ := 0 and 0 := 0 + VV + Tpmax Which
gives us

20) =20+ ;% +7p...) > Z(0) + min { FA(0),U} > U = U(0)

Vmin

and, therefore, F2(0) = U(#) — Z(6) < 0 by Proposition 3.53. This, then shows ¥(f) < § =
O+ Y 47

For the bound on the total travel time we choose ¢ :=( and 8 :=(+ 7, + VU_ for any ¢ > 0 to
get

Z(C A+ Ty + 52) = Z(¢) > min { FA(C),U } > F2(Q).

Vmin

Together with Proposition 3.75 we then get

2(f) = /O " s < /0 " (Z(¢+ T+ 75) = 2(0)) dc

Vmin

Vmin

V(D)o 7 w(f)
- / 2(¢)d¢ — / 2(0)d¢

U
Pmax T3

v(f) v(f)
- / Z(C + Ty + 22)dC — / 2(0)d¢
0 0

Ymin

<

V() + T+
/ Z(¢)d¢

(/)
- (Tpm + U )U. O

Vmin

6.1.2. General Single-Commodity Networks

In acyclic networks it is intuitively clear that all Vickrey flows (with finite é) eventually terminate —
which is exactly what we showed in the previous section. This is obviously not true any more as soon
as our network contains a cycle since then we can just send flow around this cycle forever. Thus, we
will now restrict ourselves to flows which are also IDE.

However, even for such flows cycling behaviour is possible (see e.g. the first IDE described in
Example 3.65) and, thus, it is not as obvious as it may seem whether IDE in general networks even
terminate (and, if so, in what time). In fact, it turns out that the answer to this question is different
for single-commodity IDE than it is for multi-commodity networks. We will consider the first case in
this section and will come back to the multi-commodity case in Subsection 6.2.2. Since the proof for
the upper bounds on makespan and total travel time will be rather lengthy, we first give a rough idea
of its main steps:
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Proof idea: Our first step towards bounding the makespan (and total travel time) in general
single-commodity networks will be the following observation: Whenever there is almost no flow
in the network, then flow particles in an IDE cannot be diverted too far away from the physically
shortest paths and, therefore, may only use an acyclic subgraph of the whole network. Hence, we
can use our bounds for acyclic networks from the last subsection 6.1.1.

Next, we have to show that such a state of an almost empty network is eventually reached.
For this we focus on the sink nodes and distinguish to cases: As long as we have steady inflow
into the sink nodes, we are also making progress towards an empty network (as the total flow
volume in the network is bounded). If, on the other hand, we have only very little inflow into
the sink nodes over some extended period of time, this means that there also cannot be much
flow on the edges leading towards the sinks (using the no-idling property of Vickrey flows — cf.
Corollary 3.24). This then implies that the subgraph consisting of the sink nodes and their
closest neighbourhood is almost empty. Hence, no flow can leave this neighbourhood (by the
same argument as in the first step). In some sense this subgraph, then, acts like a sink for the
rest of the network and we will, therefore, call it a “sink-like-subgraph”. Repeating the argument
we just used for the sink nodes now for the sink-like subgraph, allows us to iteratively extend this
subgraph until we can conclude that the whole network is sink-like and, therefore, almost empty.

Thus, for any long enough time interval during which an IDE does not terminate, we have
some lower bound on the amount of flow that must reach a sink during this time. From this we
can then immediately deduce upper bounds on makespan and total travel time.

In order to formalize the first step of the proof we will again make use of the set E C E introduced
in Lemma 5.13, only this time specifically for § = 0, i.e. for the network without flow:

E={e=vweE|Ly0)> e+ Ly(0) — ¢}

From Lemma 5.13 we already know that this set is acyclic (for a suitable choice of ¢ > 0) provided
that the network does not contain any cycles of free flow travel time zero. Additionally, we will now
show that this set also contains all active edges whenever there is almost no flow on any physically
shortest path.

Proposition 6.6. Let N be a single-commodity network without dead-end nodes, f a Vickrey flow in
N and e > 0 some constant. If then for some node v € V and time 6 > 0 we have > eep FA2(0) < eVimin
for all physically shortest v, T-paths, then all active edges e = vw leaving v satisfy

L,(0) > 7e + Ly (0) — €.

Proof. Let e = vw € 67 (v) N E(0) be an active edges at time @, p a physically shortest v, T-path and
p’ an active w, T-path at time 6. Then we have

A A
LO<60) =3 (n+ L) T n T O3 3 220

Vs
ecp ecp eep eep ecp min

= L,(0) + ;2= Y T F2(0) < Ly(0) +¢

Vmin

ecp

as well as

Lu(0) = Cp(0) > > 7e > Ly (0).

ecp’
Together with vw being active at time 6 this gives us
L,(0) > L,(0) —e =Ly (0) + Cpw(0) — e > Liy(0) 4+ T — €. O

For our second step, we now need to make precise the notion of sink-like subgraphs:
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Definition 6.7. Let N be a single-commodity network, f some IDE in NV, [a,b] C R>( some time
interval, € > 0 some constant, W C V some subset of nodes and H := G[W] the subgraph induced by
W. We call H an e-sink-like subgraph on [a, 0] if it satisfies the following three properties:

e TTCW.
e For all v € W we have 61 (v) N E C E(H).
o We have

volg(a,0) = Y Fla)+ ) /f dC-i-Z/uv )d¢ < 5”“““

e€EE(H) ecd— (W) veW

Observation 6.8. As the notation suggests, voly (a,b) is an upper bound on the volume of flow in H
at any time 6 during [a, b]:

Z FA(9 Propi3.53 Z U, (0) + Z F(0) — Z Fr(9) — Z B,(6)

e€E(H) veW ecd— (W) ecdt (W) veEW
SY U@ Y B Y R Y B Y [ d<+2/f
veW e€d— (W) ecdt (W) veW veW e€d—
PR N A 0+ Y / u(QOdC+ Y / £7(0)d¢ < voly(a, b)
ecE(H) veW ecd— (W)

With this observation an immediate consequence of Proposition 6.6 is now that if the whole network
is sink-like, then an IDE may only use an acyclic subgraph of the network. If this happens at a time
where no new flow enters the network anymore (i.e. after time é), we can apply our termination bound
for acyclic networks from the previous section to show that the flow terminates.

Corollary 6.9. Let N be a single-commodity network, f an IDE in N and € > 0 some constant such
that we have ) . Te > €lc| for all cycles c in N. If the whole network is an e-sink-like subgraph on
some time interval [a,b] C R>¢ with b —a > € + Timax + Tp.., Where Tmax =max {7, | e € E'} is the
free flow travel time of the longest edge in the network, then we have

Z(b) > U(a+ % +7—max)-

In particular, if there exists some time 6 > 6 such that the whole network is an e-sink-like subgraph
at time 6 (i.e. on the interval [0,0)]), then it is sink-like on [0,9] for any ¥ > 0 and f terminates before
time 0 + € + Tmax + Tppax -

Proof. If the whole network is e-sink-like on [a, b], then Observation 6.8 and Proposition 6.6 together
show that during this interval all active edges are in E, i.e. f may only enter edges in E in that time
interval. Furthermore, Corollary 3.24 ensures that all flow has left the edge it was on at time 6 by
time a + max { =ie +- 7. | e € '} < a+ 5 + Tmax = @. Thus, we know that all edges carrying flow

after time @ must be in E. Since our ch01ce of & guarantees that (V, E) is acyclic (by Lemma 5.13),
we can apply Corollary 6.4 to obtain

Obs. 6.8
Z(a+ 5 +7p) > Z(a) + min { FA@), 2m } > Z(a) + FA@) = Ua).

Now, for the second part take any time 9 > 6 > 0. Then we have

volg (6, 9) ZFA + Z / Uy (€)d¢ = ZFA ) = volg(6,0) < s,

ecelE veV ecE
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Hence, the whole network is an e-sink-like subgraph on [6, ). Thus, we can apply the first part with
a=060and b= 0+ e+ Tmax + Tp,... 1O get

Z(0 + € + Tmax + Tppax) U0 + 5+ Tpons) = U(h).
Therefore, f terminates before time 0 + € + Timax + Tp,.. - O

Proposition 6.10. Let N be a single-commodity network without any dead-end nodes or cycles of
free flow travel time zero and f any IDE in N'. Furthermore, let W C V be some proper subset of
nodes, € > 0 some constant such that we have Y _. T > €|c| for any cycle ¢ in N and a € R>q any
time. Finally, define

ecc

b=a+ Z (E”'“‘"Jrfe)-

c€E\E(H)

If H = G[W] is an e-sink-like subgraph on [a,b], then there exists a node v € V\ W such that
H' = GIW'] with W == W U{wv} is an e-sink-like subgraph on [a,b'] where V' is defined for H'

analogous to b for H, i.e.
b o=a + Z (sl/mm +Te) .
c€E\E(H")

Proof According to Lemma 5.13 the set E contains no cycles. Hence, there exists a topological order

n (V, E) Now choose v € V'\ W as the last node (with respect to this topological order) which is
not in W. We will show that W’ := W U { v} then defines an e-sink-like subgraph H' := [W]. First of
all we clearly have T C W C W U {v}. Next, for any edge e = vw € §+(v) N E we have w € W (by
the choice of v) and, therefore, e € E[H'].

Thus, it now remains to show that H’ satisfies the third condition as well: We will accomplish that
by showing that all flow currently on the edges in E(H') \ E(H) as well as the additional inflow into
node v during [a,b’] will enter H over the course of [a,b]. Hence, the bound for H gives us the same
bound for H'. This will result from the following claim:

Claim 15. Define b=V + 2665+(W)ﬂ6_(v) (sgryf‘g“ + Te>. Then the following properties hold:

(i) All flow on edges from H to v at time a reaches v before time b, i.e.

2(a) < /b f(Q)dC for alle € 6T (W) NS (v).

(ii) Any edges from H to v carries a flow volume of less than =g at time a, i.e.

F2(a) < #in for alle € 57(W) N6~ (v).

e

(i1i) All flow reaching v between a and b enters an edge towards H, i.e.

/auv d<+Z/f )¢ = Z /f+

e€d— ecot(v)Nd—

(iv) All flow on an edge from v to H during any time in [a, l;] reaches H before time b, i.e.

b b
4 / FH(Q)dC < / £ () for all e € 6% (v) N6~ (W).
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Figure 33: The situation in Proposition 6.10. The thick edges are part of the set E. Thus, v' would
have been another valid choice for extending H whereas v” would not be (as v is closer to
H than v"). The blue and green arrow exemplifies the statements in Claim 15: All flow
on edge e; at time a reaches v by time b (Claim 15(i)), enters edge es (Claim 15(iii)) and
reaches H by time b (Claim 15(iv)). Similarly, all flow reaching v via edge es before time b
also enters edge ez (Claim 15(iii)) and reaches H by time b (Claim 15(iv)).

(v) Any edges from v to H carries a flow volume of less than =g at any time between a and ZN), i.e.

F2(0) < v for all e € 5 (v) N6~ (W), 0 € [a,b].

€

Proof. First, we observe that due to our choice of b, b’ and b we have
a+ S 47 < bforallec ot (W)Nd~(v) and b+ Sgmin + 7. <bforalle€ ST(w)yné—(W).

We now show the five statements of the claim in reverse order as we will use (v) to show (iv) and so
on.

(v): Take any edge e € 67 (v) N6~ (W) from v to H and assume for contradiction that at some time
0 € [a,b] it carries a flow volume of at least <gin. By Corollary 3.24 a flow of at least volume

S/min then leaves edge e between 6 > a and 6 + =g=i» + 7, < b+ Sgmin + 7, < b. This then implies

b 0+ Z];]]+Te
ol (a.b) > / [ (Q)de > /0 T o (de > 2,

which is a contradiction to H being an e-sink-like subgraph on [a, b].

(iv): Using (v) we get b+ = (b) +7. < b+ Sgmin 4 7, < b for any edge e € 67 (v) N6~ (W). Thus,
Corollary 3.24 implies

b

~ brfe® oy r b
FA(h) < / £ (Qd¢ < / 7 (O)dc, (51)

from which we get
b
2a +/ FHQAC = Fl (a) = F7 (a) + FF(b) = Ff (a) = FF(b) — F7 (a)

= F(b) — F(b) + F,(b) — F (a) /f
("])/f dC+/f Q)d¢ = /f
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(iii)): As H is an e-sink-like subgraph, all sink nodes are already contained and, in particular, v
cannot be a sink node. Hence, strong flow conservation together with f being an IDE imply
that it suffices to show that during [a,b] all active edges leaving v lead to H, i.e. we have
5t (w)NEB) C 6 (v)Nd~ (W) for all # € [a,b]. To show this, we want to apply Proposition 6.6.
So, let p be a physically shortest v, T-path. Then, we have L,/ (0) = Ter + Ly (0) for any edge
¢/ = v'w’ € p and, therefore, all edges of p are contained in E. Thus, by the choice of v the first
edge of p leads into H and, as H is an e-sink-like subgraph, every subsequent edge is contained
in E(H). Thus, writing p = ¢/, p’ we get

\' Obs. 6.8 _
Z FeA(G) )+ Z FA Smin Z FA < =i 4 volg(a,b) < eVmin

eep e€p’ eep’

for any time 6 € [a,b]. Hence, we can apply Proposition 6.6 to get 4% (v) N E(0) C 6t (v)NE C
0t (v) N6~ (W), where the second inclusion holds by the choice of v.

(if): This is essentially the same proof as for (v): Take any edge e € §7(W) N4~ (v) and assume for
contradiction that we have F2(a) > 4. According to Corollary 3.24 a flow of volume at least

£Zmin then leaves edge e between a and a+ E”’;““ + 7. < b. Using (iii) and (iv) this then leads to
a contradlctlon to H being an e-sink-like subgraph on [a, b] as follows:

EVmin Cor. 3.24 a+ mm +Te
— = / dC</f dC<Z/fe,

e’'€d(v)

@ > / 150 dg < Z / £(O)d¢ < Vol (a, b).

e’edt(v)Nd— (W) e’€dt(v)Nd—

(11)
(i): This now follows from (ii) in the same way that (iv) followed from (v): We have a + £= fa) +,

a+ 512’% + 7. < b and, thus,
+Te b
£ (Qde < / £ (Q)d¢
a

(@)
Cor. 3.24 a+t s
F2a) < /
a
for any edge e € 67 (W) N~ (v). [ ]

e =

Combining the statements (i), (iii) and (iv) from the above claim, we are now able to show the
third property of H' being an e-sink-like subgraph on [a,b] (and, therefore, on [a,b’]) by a direct
computation:

volg/(a,b) = Y F2(a)+ Z /f ¢)d¢ + Z/uw

e€E(H') e€d— weW’
- Y e+ Y o+ / J7 Q¢ + / ()¢
ecdt(v)NG— (W) e€dT (W)H)Ns— (v) e€d— v)\6+ @
+ Y R+ Y /f d(—i—Z/uw
ecE(H) e€d— (W)\ot(v) weW
(i)
< Y Pa+ Y /fe e+ S0 /fe d<+/ wn(C)dC
e€d+(v)Ns— (W) e€d+(W)H)Ns— (v) e€d— (v)\o+ (W) @
+ Z F2(a) + Z /f dC—i—Z/uw
ecE(H) e€5— (W)\6+ (v) weWw

140



DI O DS /f+

e€dt (v)NS— (W) ecdt(v)Nd— (W)
N Oy /f d§+2/uw
ecE(H) ecd— (W)\o+ (v weW

@ 5 / -

ecdt(v)Nd— (W)

+ Y P+ Y /f d<+2/uw

e€E(H) e€s— (WIH\6*(v) weWw

b b
<Y Rer Y [ Loy [uow
e€E(H) ecs—(W)7 @ wew v @
= EH(a,b) < El’%
Hence, H' is an e-sink-like subgraph on [a, V']. O

This proposition now implies that whenever we have a sufficiently long time interval with very small
total inflow into the sinks, then the the whole network is an e-sink-like subgraph at the beginning of
that interval.

Corollary 6.11. Let N be a single-commodity network without any dead-end nodes or cycles of free

flow travel time zero and no outgoing edges from any sink node. Let f be any IDE in N, € > 0 some

constant such that we have Y . Te > €|c| for any cycle ¢ in N and [a,b] C R>q some time interval.
If we have b —a > > . p (5”"‘"‘ + Te) and Z(b) — Z(a) < = then the whole network is an

e-sink-like subgraph at time a.

Proof. We start by observing that H := G[T] is an e-sink-like subgraph: The first two properties are

trivially satisfied and for the third we have

volyr(a,b) = ) /f dHZ/ u(Q)d¢ L= Z(8) - Z(a) < ain.

e€d—(T) teT

Thus, we can iteratively apply Proposition 6.10 to show that the whole network is an e-sink-like
subgraph on [a, a]. O

Now, if the situation from this corollary occurs at any time after é, then Corollary 6.9 implies that
the IDE terminates shortly after. This observation now gives us upper bounds on both the makespan
and on the total travel time of any single-commodity IDE.

Theorem 6.12. Let N be a single-commodity network where all network inflow rates are essentially
bounded and finitely lasting, which has no cycles of free flow travel time zero and no edges leaving any
sink node. Then for any IDE f in N the makespan is bounded by

+UZ( 65::“) + €+ Tmax + Tppas
eckE
while the total travel time is bounded by

= 2 1 27, 1 max | TPmax
2 <02 (D0 (3 + 2 ) + 4 (ks o+ T+ T ))

eck

where € := min { |Tl;\ YeceTe | € a cycle in N'} is the minimum mean free flow travel time around any
cycle in the network.
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Proof. We first note that we can assume without loss of generality that N has no dead-end nodes.
Otherwise we could just remove them without changing the flow in the remaining network or the
overall makespan (see Proposition 3.66). Now, to show the makespan bound consider the intervals

é*’“‘z(%;;?“+Te),é+(k+1).z(%in+%)

eck ecE

[ak, ak41] = fork‘zO,l,...,{ 2U J

€Vmin

Since Z is non-negative, non-decreasing and upper bounded by U, there must be some k < 2U such
that we have Z(apy1) — Z(ar) < ¥ as otherwise we would have

7

Z([22]) = > o) - Z(a) > (| 2] +1) 2w > 2 o g

But then the whole network is an e-sink-like subgraph at time ay by Corollary 6.11 which, according
to Corollary 6.9, implies that f terminates before

E€Vmin

eck

ag + € + Tmax + Tpae < <0+ { - J Z (a;;:“ + Te) &€+ Tmax + Tpoax-

For the bound on the total travel time we fix some (small) v > 0 and define a new sequence of
intervals [by, bi41] by setting by := 0 and then recursively

€Vmin

bi1 = sup{ 0 € [br, U(f)] ‘ Z(0) — Z(by) < Fpin } for k=0,1,..., {MJ =K.

Since Z is continuous, we have Z(by41) — Z(by) = 8”’“‘“ for all those intervals except for, maybe, the
last one. Thus, we have Z(bk) = K - 5pi» > U — E”+,y and, therefore, bx11 = ¥(f).
We now separate these intervals into two groups: We say that an interval [bg, bg41] is short if

b1 —bpy <a= Z (85;2“ + Te) + €+ Tmax T Tpuax
ecE

and long otherwise. Furthermore, we denote by S C {0, ..., K} the set of indices of short intervals
and by L the set of indices of long intervals. Now, for any long interval [by,bx+1] Corollary 6.11
guarantees that the whole network is e-sink-like on [bg, br11— ) . cp | 522 + 7 )]. Thus, we can apply

Corollary 6.9 for any time in 6 € [bg, bpy1 — D ccp (% + Te) — € — Tmax — Tpmax) = [0k, bkt1 — @] to

get

Prop;353

Z(0 4 € + Twmax + Tppae) = U0 + 5 + Tmax) > U(0) Z(0) + FA(0). (52)

This, in turn, allows us to upper bound the total travel times incurred during the first part of any
long interval by

bk+1 [e% A (52) bk+1 [e%
/b FAQ)dC < / Z(C+ € + o + Tpns) — Z(Q)C
k

bpt1—«a bpt1—a
- / Z(C + & + T + T )G — Z(0)d¢
by
k41— +E+Tmax+Tpmax bry1—a
- / 2(Q)d¢ - 2(Q)d¢
br+e+Tmax+Tpmax by
br+1—ate+Tmax+Tpmax brt1—ate+Tmax+Tpmax
</ zcc < [ U()dC
bk+1 « bk+17a
SU - (€4 Tmax + Tpua)-
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Using this bound together with the trivial upper bound of F2(§) < U during the first parts of all
long intervals as well as for all short intervals now gives us the following upper bound for the total
travel times of f:

- ) K br41
T [ rsgac= 3y [T P
k=0 k

bt1—a b1
_E:/bk F (g)dg+§j/b FA(Q)d¢+ ) /k F2(¢)d¢

keL kel Vbrt1—a kes b

éZU'(5+Tmax+7—pmax)+ZU'OZ—’_ZU-Q

keL keL kes

€Vmin
ecE

w(

(1]

bk 41

As this bound holds for any v > 0, letting v go to zero finally gets us the desired bound of

= 2 1, on 1 x| Tpmax
=) <U .<Z<Z+ﬁ)+4(l/min+5Tl/min+sz;/n1in>>' -

eck

Remark 6.13. If all free flow travel times and capacities are lower bounded by 1, then we can simplify
the bounds from Theorem 6.12 to

U(f) <O+U - (1B +2307) + 1+ e + Ty

eck

and
=(f) <U?- <|E| +23 7+ 4+ AT + 4Tpmx).
ecE

We also note that for small 6 the upper bound for the total travel time obtained by just multiplying
the bound for the makespan by the total flow volume U (cf. Corollary 3.76) can be better than the
above bound. However, for larger 6 the above bound is better and, more importantly, independent of

6.

6.2. Lower Bounds

In this section we will construct networks A/ and corresponding IDE with large makespan and total
travel time compared to the network size 7(N) and the total flow volume U(N'). We will do this first
for single-commodity networks and then for multi-commodity networks. To keep our notation simple,
we will only consider networks with integer free flow travel times and capacities here.

6.2.1. Single-Commodity Networks

We start with a simple example showing that for acyclic networks our bounds from Theorem 6.5 are —
in some sense — asymptotically tight:

Example 6.14. Consider a single-commodity network consisting of a single edge e of capacity v, = 1
and free flow travel time 7. > 1 connecting a source node s with network inflow rate us := U - ]l[é—l B

for some numbers U > 1,0 > 1 to the single sink node ¢ (cf. Figure 34 (top left)). Then it is easy to
see that the unique Vickrey flow f gives us the following values for makespan and total travel times
(cf. Figure 34 (bottom)):

value for f upper bound from Theorem 6.5
U(f) | 0+U~+7.—1 O0+U+7e
=(f) %-UQ—F(TE—%)U U+ Ur.
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Qe(e) =U-1
ULy @#@ (s —1)
FA
U 1 d |
1 3 Te — 1 3 U
0 | w(f)

Figure 34: A one edge network with large makespan and total travel time (top left). The picture in

the top right shows the unique Vickrey flow in this network at time 6, i.e. at the time
where the last particle enters the network. The graph at the bottom shows the network
load for this flow over time. Thus, the area below this graph is exactly the total travel time
incurred by this flow.

Of course, this is a rather trivial example — while it almost matches our upper bounds (especially
with respect to the makespan) it is also an instance where there is no difference between the optimal
flow and an IDE as there is only a single source-sink path. We will, however, provide a different, more
interesting lower bound example for acyclic graphs later on. First, however, we will turn to general
single-commodity instances and construct a family of lower bound instances for this case.

Proof idea: The inspiration for our lower bound instances comes from our worst case analysis
in the proof of the upper bound in the previous subsection: We saw there that if we have little
inflow into the sink(s) during an extended time period (which is something we want in order to
achieve a high makespan), then a sink-like subgraph starts to grow in the network and all flow
inside this part of the subgraph leaves the network soon after. To prevent the whole flow from
terminating, we must ensure that this growth stops before the whole graph becomes sink-like.
Moreover, we want the main amount of flow to remain outside the subgraph which becomes
sink-like.

Thus, we basically want to construct a network consisting of two parts: One (closer to the
sink) which will (repeatedly) become a sink-like subgraph and one (further away from the sink)
which will contain most of the flow. The second part then is essentially a large cycle wherein
flow travels around without making any progress towards the sink while occasionally sending
some small amount of flow into the first part of the network to prevent the sink-like subgraph
from growing too large (cf. Figure 35).

Now, if we were to take this idea literally and construct a simple four edge network like
in Figure 35, we would not achieve a better bound than with the one edge instance from
Example 6.14. This is because in such a network every time the main part of the flow travels
around the main cycle we have to loose flow with volume of the same order as the length of
this cycle for diverting this flow away from the direct edges towards this sink. Thus, we have to
construct the lower part of the network more carefully so that we can use the same flow multiple
times for blocking the direct paths towards the sink. Hence, our actual lower bound instances
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will consist of two main parts: A cycling gadget and a blocking gadget.

cycling
part

blocking
part

Figure 35: The general structure of the network we use for the lower bound on makespan and total
travel time in single-sink networks. The upper half consists of a large cycle where most of
the flow should stay.

Theorem 6.15. There exists a family of networks Nx 1 and associated IDE f%L

natural numbers K and L such that

indezxed by two

e The network size is asymptomatically bounded by 32X i.e. T(Nk 1) € O(3*K),

the total flow volume is asymptomatically bounded by L3%, i.e. Ung., € O(L3¥),
we have U(f5L) > LK(3K +1) and Z(f5L) > KL(L — 1) - 3*K and

Nk 1 has a single source node and a single sink node and a source,sink-path of free flow travel
time (K — 1)(3% +1) — 5352 1 6. Additionally, no flow enters the network after time 6 = 1.

Here, we denote for any network N by 7(N) :== > .5 Te the sum of all free flow travel times in N

and by Uy := U(0) the total flow volume in N.

Proof. Fix any two natural numbers K, L € N* with K > 3. Since we will now construct the network
Nk 1 as well as the IDE 5L only for those fixed values K and L, we will drop the indices K and
L from now on to keep the notation cleaner. As already indicated in Figure 35 our network will be
constructed from two parts: A cycling gadget C' and a blocking gadget B. We will now build these
two gadgets separately.

The blocking gadget: The blocking gadget B is constructed inductively out of smaller versions of
itself. Its fundamental building block is the delay gadget D (cf. Figure 36): It consists of three input
nodes v1, v2 and vs, one internal node y and one output node w. Each input node is connected to y
via an edge v;y with free flow travel time 1 and capacity 1. Furthermore, there is an edge yz with free
flow time 1 and capacity 1 connecting y to the output node z. We will later embedded D into a larger
network such that the only edges entering D from the outside are edges e, eo and e3 ending at the
input nodes vy, v and w3, respectively, and the only edge leaving D is edge eg starting at the output
node z.

Claim 16. Gadget D has the following two structural properties:

(i) For any input node v; of gadget D there exists a unique v;, z-path which has a free flow travel
time of 2.

(i) The sum of all free flow travel times in D is 4.
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Figure 36: The delay gadget D. Dashed edges are not part of the gadget and only indicate how this
gadget will be embedded into a larger network.

Now assume that D is correctly embedded into a larger network N'. Let f be a Vickrey flow in this
network, 0 some time and j € Ny such that

e D carries no flow at time 6 and

e the inflow into D via the edges e; during [0,0 + 2 + 4.5 - 371 satisfies

Lo (i—1)3140.5,04+(i—1)-31+3-3140.5] < fe, < Lo (i—1)-37,04(i—1)-3/+4.5.31)]
(cf. Figure 37 (top)).

Then during [0,0 + 2 + 4.5 - 39+ this flow exhibits the following properties inside D (cf. Figure 37
(middle and bottom)):

(iii) There are never any queues on the edges v1y, voy and vsy.

(iv) The queue on yz grows at a rate of at most 2 during [0,0 + 1+ 5.5-37] and does not grow after
that.

(v) The queue length on yz is upper bounded by 7 -3’7 on the whole interval [0,0 + 4.5 - 37+1].
(vi) The queue length on yz is upper bounded by 37 — 0.5 on [0,0 +2 - 37 +0.5].
(vii) The queue length on yz is lower bounded by 4-37 — 0.5 on [0 +4-37 +1,0 +5-37 + 2].
(viii) The queue on yz is empty before time 6 4+ 37 + 1 and after time 6 + 4.5 - 37T 4 1.

(iz) The outflow from the gadget over edge eq satisfies 1[g12.5042.54+3.31+1] < fe'g < Ljo42,04244.5.3i+1]-

Proof. Properties (i) and (ii) are immediately clear from the construction.

If the inflow rates into the input nodes v; never exceed the capacities of the following edges v;
(which is 1), no queues ever form on these edges. This shows (iii).

To show the remaining bounds on the flow (i.e. (iv) to (ix)) we first note that due to the monotonicity
of the edge flow dynamics (Corollary 3.23) it suffices to show that if the inflow rates into D match the
lower /upper bounds, then both the queue length function on edge yz and the outflow rate from D

matches the respective lower /upper bounds. This can be deduced directly from Figure 37 but we will
also explain it in a bit more detail here.
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Figure 37: A visual depiction of the flow bounds in gadget D stated in Claim 16: If the inflow into
the gadget via edges e, es and eg is bounded by the functions given in the three graphs
at the top (red is the upper bound, green the lower bound), then the queue length on
edge yz is bounded by the functions given in the middle graph and the outflow from the
gadget via edge eg is bounded by the functions given in the graph at the bottom. Note,
that the graphs a positioned horizontally in such a way that the time axis for the first
three graphs align while the fourth one’s is shifted by —7,,, = —1 and the fifth one’s by
(Tosy + Tyz) = —2).

First, assume that the inflow rates into v; exactly match the upper bounds. Then flow starts
to arrive at node y at a rate of 1 at time 6 + 1. This rate increases to 2 at time 6 + 37 + 1 at
which point a queue starts to grow on edge yz at a rate of 1. At time 6 + 2 - 37 + 1 the inflow
rate into yz increases once more to 3 and the queue (currently at length 37) now growth at a rate
of 2. At time 6 + 4.5 - 37 + 1 the inflow rate goes back to 2 and the queue (currently at length
37 +2-2.5-37 =6-37) now only grows at a rate of 1. At time 6 +5.5-37 + 1 the inflow drops further
to 1 and the queue now stays at a constant length of 7-37. Finally, at time 6 4 6.5 - 37 4 1 the inflow
completely stops and the queue starts to deplete at a rate of 1. Thus, the queue is empty again by
time 0 +6.5-3/ +14+7-37 =0 +13.5-37 +1 =0 +4.5-3T! + 1. From this, it immediately follows
that the outflow from the gadget exactly matches the given upper bound. Thus, we have shown (v),
(vi), (viii) and the upper bound in (ix). Furthermore, this also shows that after time 6 + 1 + 5.5 - 37
flow arrives at node y at a rate of at most 1. Thus, the queue on edge yz cannot grow any more after
that. As flow can never arrive at y at a rate of more than 3, the queue also never grows at a rate of
more than 2 before that time. This shows (iv).
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Now, assume that the inflow rates into v; exactly match the lower bounds. Then we can determine
the flow evolution in exactly the same way as before: Flow starts to arrive at node y at time 8 + 1.5
at a rate of 1. This rate increases to 2 at time 6 + 37 + 1.5 at which point a queue starts to grow on
edge yz at a rate of 1. At time § + 2 - 37 + 1.5 the inflow rate increases once more to 2 and the queue
(currently at length 37) now grows at a rate of 2. At time 6 + 3 -3/ + 1.5 the inflow rate goes back
to 2 and the queue (currently at length 37 + 37 -2 = 3. 37) now only growth at a rate of 1. At time
0 +4-37 + 1.5, the inflow decreases further to 1 and the queue now remains at its current length of
3-37 43/ =4-37. Finally, at time # + 5 - 37 4 1.5 the inflow completely stops and the queue starts to
deplete (at a rate of 1). Thus, the queue is empty again at time 6 +5-37 +1.5+4-37 = 0+3-3/ 1 +1.5.
The outflow from edge yz then stops one time unit later. This shows (vii) and the lower bound in
(ix). |

We now construct the blocking gadget B as follows: For any k € [K] we define B* as follows: B*
(Figure 38) consists of three input nodes v1,v9 and v3, one output node z and three edges vy z, v2z
and v3z with free flow travel time and capacity 1. B* for k > 2 (Figure 39) is then constructed by
taking one copy of gadget B*~! and 3*~! copies of gadget D and connecting the output nodes of
the latter with the input nodes of the former via edges with free flow travel time 3% — 10 - 3K—% — 1
and capacity 1. Only for £k = 2 we have to make an exception and set these free flow travel time
to 1 (otherwise these edges would have a negative free flow travel time). The input nodes of the
delay-gadgets D will then be the input nodes of B¥ and we rename them to v; to vsx. The output
node z of B¥~! will also be the output node of B*. We will say that B* is correctly embedded into a
larger network if the only incoming edges e, ..., esr enter at its input nodes and the only outgoing
edge eq leaves at its output node.

Figure 38: Gadget B!'. Dashed edges are not part of the gadget and only indicate how to correctly
embed this gadget into a larger network.

Claim 17. Any gadget B* satisfies the following structural properties:

(i) For any input node v; there exists a unique v;, z-path pf which has a free flow travel time of
1, ifk=1
(k—2)(3% +1) -5 (382 3Kk 14 fk>2"

(ii) The sum of all free flow travel times of all edges in B* is

3, ifk=1
13K +3)3"-9)—-10-(k—2)-35"1+18 ifk>2
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Figure 39: Gadget B* constructed from 3*~1 copies of the delay gadget D and one copy of gadget
B*~1. Dashed edges are not part of the gadget and only indicate how to correctly embed
this gadget into a larger network.

Now assume that B is correctly embedded into a larger network. Let f be a Vickrey flow in this larger
network and 0 € R>q some time such that

e B* carries no flow at time 6 and
e the inflow into B via the edges e; during [0, (k — 1) - (3% + 1)] satisfies

Loy (i—1)35—+40.5,04(i—1)35 4335~k 0.5] < o, < Ljog(im1)3K—k 04 (i—1)3K—F 4.5.3K—+].

Then, for any path p¥ the following properties hold:
(iii) At any time in [0, (k — 1) - (3% 4 1)] there is at most one edge on p¥ with a non-empty queue.

(iv) The current travel time along p¥ never grows at a rate of more than 2 during [0, (k—1)- (3% +1)].

(v) There are no queues on path p¥ before time 6 + (i — 2) - 35=% + 1 or after time 0 + (i + 4) -
3Bk 4 (K —2)(3% +1)+8.5-35-2 4 1. Moreover, all flow still on path p¥ at the latter time
cannot be part of any new queue on this path afterwards.
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k
m-3¢t+n

Furthermore, for any £ € [k — 1], m € [3*7Y] — 1 and n € [3] the waiting time along path p
satisfies the following properties:

(vi) It is upper bounded by 7-3K=F+=1 quring [0 + (€ —1)- (3% +1) +m - 3K-k+0 4 5.3K-k _1 9+
(C—1)- (3K +1)+m 38—kt 4 5. 35k _0.5].

(vii) It is upper bounded by 3K —F+=1 — 0.5 during [0+ (£ —1) - (3K + 1)+ (m — 1) - 3K-*+6 1 5.
Kk o+ (0—1)- 3K +1)+(m—1) 38k 1 5.3K-k 1 0.5].

(viii) It is lower bounded by 4-35—k+¢=1 0.5 during [0+ (£ —1)- (3K + 1)+ m - 3Kkt 4 5.3K-F g4
(C—1)- (3K +1)+m - 3K-k+t 4 5. 35k 4 0.5].

Proof. We show this claim by induction on k:

Base Case (k = 1): In this case properties (i) and (ii) are directly clear from the construction while
properties (vi) to (viii) are trivially true as [k — 1] = [0] is the empty set. Finally, properties (iii)
to (v) hold because there are never any queues in B!.

Induction Step (kK — 1 — k): Properties (i) and (ii) again follow from the construction of B*:

(i) For any node v; there exists the following unique v;, z-path pf : First through one of the
copies of gadget D (free flow travel time 2 by Claim 16(i)), then over a connecting edge
to one of the input nodes of B*~! and from there the unique path p’F;/é] towards z which
exists by induction.

If k = 2 this path p¥ has a free flow travel time of 2 + 1 + 1 = 4 while for k > 3 it has a
free flow travel time of
2435 —10-35F 14 (E-3)3% +1)—5- (352 —3K-kt1y 14
=(k-2)3% +1)—5. (382 3Kk 14

where we used induction to get the free flow travel time for the part of p¥ in B¥~1.

(ii) Similarly, using Claim 16(ii) and induction we get for the sum of all free flow travel times

3o (4435 1035 F — 1)+ 53K +3)(3F 1 —9) —10- (k—3) - 3571 18
=31 3% +3)—10-35 1+ 23X +3)(3F 1 —9) —10- (k—3) 351 +18
1K 4+3)2- 3431 —9)—10- (k—2)- 3571 + 18
=135 +3)(3F-9)-10-(k—2)-35" 1 +18

ifk>3and3+3+3-4=18if k =2.

For the remaining properties, we first observe that the gadget B*~1 as well as all copies of
D used to construct gadget B* are correctly embedded in the larger network. Now, for any
m = 0,1,...,3*71 — 1 the edges e3mi1,€3ms+2 and ez, 3 all enter the (m + 1)-th copy of
gadget D and carry flow matching exactly the properties of the inflow used in Claim 16 with
0=6+m- 35F+1 and j = K — k. Thus, all the properties from Claim 16 hold for all copies
of D. In particular, Claim 16(ix) ensures that the inflow rate into the connecting edge e from
D1 to B! satisfies

JF
]]-[9+m~3K*k+1+2.5,0+m~3K*k+1+2.5+3~3K*’°+1] < fe < ]]-[9+m~3K*k+1+2,0+m~3K*k+1+2+4.5~3K*k+1]'
(53)

If k > 3, then the connecting edge from D,,; to B*~! has a free flow travel time of 3% — 10 -
3K-k _ 1> 1 and, thus, its outflow rate satisfies

]l[0/+m,31(—k+1+0.579/+m_3k—k+1+O.5+3_3K—k+1] S fe_ S ]l[0/+m,3K—k+1’01+m,3K—k+1+4'5,3K—k+1].
(54)
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with ¢’ == 0 + 3% —10-3K—% 1 1. As this edge leads towards the (m + 1)-th input node of
B*~1 this shows that the inflow into gadget B*~! satisfies the bounds for the flow in Claim 17
(for k — 1 instead of k and ¢’ instead of #). Thus, all the properties from Claim 17 already
hold in B¥~! by induction. Note, that this conclusion is also true in the case k = 2 since no
queues ever form in B*~! = B! and properties (vi) to (viii) are trivially true for B*~! as we
have [k — 1 — 1] = [0] = 0 then.

Now, for k > 2 let p’?jngrn with £ € [k — 1], m € [3*7¢] — 1 and n € [3¢] be any path in BX.
Then we can split this path in three subpaths: A first part in D,,, 1, a second part which is
just the connecting edge from D,,,; to B¥~! and a third path in B¥~!. We note that this
third part then also has the name p];; . . Where n/ = [2] € [3*7']. Moreover, we know

from Claim 16(iii) and (viii) that there is no queue on the first part of path p¥, 4, after time

04 m-35-F+1 1 45.3K=k+1 1 1 and from property (v) for B*~! that there is no queue on the
third part (i.e. pg;llm+n,) before time 6’ + (3~ 'm +n’ —2)-35K=F+1 1 1. Finally, by construction
there is never a queue on the middle part (i.e. the connecting edge).

With these observations we can now show the remaining properties for B*:
(iii) For k = 2 this follows directly from Claim 16(iii) as there can never be any queues in B'.

For k > 2 take any path pf, . with m € [3*7!] — 1,n € [3]. By our previous observations
it then suffices to show that the queue in D,, 1 depletes before the first queue forms on
pfnjrll. This is in fact true since we have

O +m- 357kt g5 3Kk 1
=0+ (m—1)-357F1 4 55. 3Kk 4
=0+ (m—1)-35F1 1165.-35"F 11
<604 (m—1)-38F1 o7 . 3Kk _10.3K-F 1
:0+3K7k+3_10_3K7k+1+(m_1)'3K7k+1

()
0+35-10-35F 414 (m—1) 35k 41

=0 4 (m—1) 351 11

where we use k > 3 at (x). This shows that property (iii) holds for B*.

(iv) We know from Claim 16(iv) that the waiting time inside any copy of D never grows at
a higher rate than 2. Because of property (iv) for B¥~1 the same is true inside B*~!.
Together with (iii) this shows that (iv) holds for B* as well.

(v) As we have already shown that the first queue on any path p5, 4n, forms inside D,,, 1 we can
deduce from Claim 16(viii) that this does not happen before time §+m-35K—*+1 43Kk 11 =
0+ (3m+1)-35"% >0+ 3m+n—2) 35k

If k = 2, this is also the last queue and by Claim 16(viii) it is empty by time 6 +m-35—2+1
45-38"2H1 411 =04+ (3m+5)-3524+85.35"2 <0+ (Bm+n+4)-3824+85.35-2 4 1.
If, on the other hand, we have k > 3, then the last queue on pf,, ., is in B*~! and, by
induction, is empty by time
0+ (m+1+4) 3571 4 (F-3)(3% +1)+85-352 11
=0+35 —10-35F 414+ Bm+15)-35F 4 (-3)(3% +1)+85-352 41
=0+ Bm+1+4)-35F 4 (k-2)3% +1)+85-3K5F 11
<O+Bm+n+4)- 35 k-2)35 +1)+85-35F 1.

This shows property (v)

(vi) For ¢ = 1 the queue on path p%,, ., in D, is upper bounded by 7 - 3%~* during
[0+m 35K+ 94 m . 3K-k+1 4 4 5.3K-k+1] according to Claim 16(v). Since we certainly
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have 4.5 - 3K —k+1 > 5.3K=k _( 5 this interval, in particular, includes [0+m- JE—k+1 5.
3Kk 1,0 + m-3K-*+1 1 5.3K-k _0.5]. Thus, the desired lower bound on the waiting
time along p4,, ., holds, provided that there are no other queues on later parts of the
path during this time. If £ = 2, this is immediately clear as there are never any queues in
B!, Otherwise this follows from our observation that there are no queues on pfnjrll before
0+ (m —1)-35=%+1 1 1 and we have

0 +(m—1)-35F1 41 1=04+354+1-10-35% 4 (m—1)- 35+ 11
=0+ m 3Kk 43k —10-3).357F 12
()
> 04 m-38F1 45387k _ (5,
where we use k > 3 at (x).

For ¢ > 2 we have

O+ —1)3% +1)+m .- 3Kk L 5. 38k
>0+m-3K k3K L 4538k
:9+m3K—k+l+(3k+5)3K—k

#)
> 0+4+m-35F 413538k 11

>0 +m- 357k g5 3KRL 4

where we use k > ¢ > 2 at (#). Hence, the only queues on path p’?fg

intervals are in B¥~!, i.e. on the subpath p:l;},1+n,. By induction the total waiting time

on this path is upper bounded by 7 - 35 ~=(*=D+E=D=1 quring [0’ + (£ —2) - (35 + 1) +m -
JH—kH 5 KR 10/ 4 (0—2) - (3K + 1) + m - 3K-k+t 4 5. 3K-k+1 _0.5]. Since

man during the relevant

0+ (0—2) (3% +1) +m. 357+ 5. 3Kkt
=0+38+1-10-35F 4 (0—2)- 35 +1) +m 38K+ L 5. gK-k+L
=0+ (L—-1)BK +1)+m 3Kk 4 5. 3Kk

this shows that property (vi) holds for B*.

(vii) This can be proven in essentially the same way as the previous bound — only using
Claim 16(vi) instead of Claim 16(v) for the upper bound in D. For £ = 1 the queue on path
p’§m+n in D, is upper bounded by 35=% — 0.5 during [0 +m - 3K =F+1 0 4 m . KA+ 4
2 - 35=k 4+ 0.5] according to Claim 16(vi). Since we have

(m —1) 387k 4 5. 88k — gy . gK=k+1 3. 3K=k 4 5. 3K~k — . gK=k+1 o 3Kk

this interval, in particular, includes [ + (m — 1) - 35 =k+1 4 5.3K=k 94 (m —1). 3K -F+1 4
5-3K=*k 4+ 0.5]. Thus, the desired lower bound on the waiting time along p’§m+n holds,
provided that there are no other queues on later parts of the path during this time. If
k = 2, this is immediately clear as there are never any queues in B'. Otherwise this follows
from our observation that there are no queues on p%_1 before 6 + (m — 1) - 3K-F+1 4 1
and we have

0 4+ (m—1)-38 1 11 =04+354+1-10-35F 4 (m—1) 351 41
=04+ (m—1)-35F1 (38 -10)-35"F 12

()
>0+ (m—1)-38F1 L 5.385-F L o5,

where we use k > 3 at (x).
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For ¢ > 2 we have

0+ (0 —1)(35 41) 4 (m — 1)3Kk+t L 5. 3Kk
29+m.3K—k+€+3K+1_3K—k‘+€+5.3K—k
29+m3K—k+1+(3k_3€+5>3K—k‘+1

#)
> 9+m_3K—k+1+23.3K—k+1
>0 +m-3KkH g5 3Kk

where we use k > ¢ > 2 at (#). Hence, the only queues on path plgg during the relevant

m—+n
intervals are in B¥~!, i.e. on the subpath p:l;%,1+n,. By induction the total waiting time

on this path is upper bounded by 35~(*=D+(=1=1 _ 5 during [0’ + (¢ —2) - (3K +1) +
(m—1)-38-k+l 4 5. 3K=k+1 9/ 4 (1 —2)- (3K + 1) + (m — 1) - 3K-k+E 4 5. 3K=k+1 4 5],
Since
0 +(0—2) - 35 +1)+(m—1). 3Kk+t L 5. gK-k+l
=0+35 +1-10-35F 4 (0 —2)- 3% +1)+ (m — 1) 3Kk 1 5. gK-h+1
=04+ (0 —1)B3% +1) 4+ (m —1)- 35+ 4 5. 3Kk

this shows that property (vii) holds for B¥.

(viii) For £ = 1 the queue on path p’§m+n in D,, 4 is lower bounded by 4 - 36 —* — 0.5 during
[0+m 3Kkl 4 5.3k g . 3K-k+1 1 5.3K=F 1 0.5] according to Claim 16(vii).
For ¢ > 2 we can use property (viii) for B*~! to get a lower bound on the waiting time
on Pl of 4 3K (E=DHEDH 0.5 during [0/ + (€ — 2)(3% + 1) +m - 3K+ 4 5.
3R+ 00 4 (0 —2)(3K 4 1) + m - 3K-k+0 1 5. 3K-k+1 4 0.5]. Since

0+ (L —2)(3% + 1) +m - 3Kkt L 5. 3K+
=0+354+1-10-35F 4+ (0 —2)3% +1) +m .38 F+t 4 5. 3Kkl
=0+ —1)3BK +1)+m- 3K 5. 3K

this shows property (viii) for B¥. |

The Cycling Gadget: Next, we construct the cycling gadget C. The basic building block of this
gadget is the injection gadget I (Figure 40) consisting of three node v, w and z and two edges: vw
with free flow travel time 1 and capacity 3 and wz with free flow time 1 and capacity 1. This gadget
will be embedded into a larger network in such a way that there are incoming and outgoing edges of
equal capacity at node v and one more outgoing edge at node z leading towards the sink via some
path p. Furthermore, one of the outgoing edges from v (which we will call e’) has free flow travel
time 1 and leads to some node v’ from which a path p’ leads towards the sink ¢. Finally, the free flow
travel time along the paths p and p’ is such that vw,wz, p is the shortest v, t-path and has the same
(physical) length as p’. Every path starting with another edge leaving v has strictly longer free flow
travel time.

Claim 18. Gadget I satisfies the following property:
(i) The sum of all free flow travel times of all edges in I is 2

Now assume that I is correctly embedded into a larger network. Let f be any IDE in the larger network,
0 € R>o some time and B> 3 >9 and 0 < a < % — % positive real numbers such that
e gadget I and edge €' carry no flow at time 6,

e paths p and p’ have no queues during [0,60 + 6.5] and
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Figure 40: The injection gadget I. Dashed edges are not part of the gadget and only indicate its
correct embedding into a larger network. The graphs depict the upper and lower bounds
on the flow from Claim 18: The graphs on the left show (from top to bottom) the bounds
for the inflow into node v, the inflow into node w and the inflow into path p. Similarly
to Figure 37 the graphs are position horizontally in such a way that the time axis of the
middle graph is shifted by —1 and the one of the bottom graph by —2. The graph on the
right shows the bounds for the inflow into edge ¢’.

e the only inflow into node v during this time interval is over edge e and satisfies
B Ljgta0t05 < fo <B-Ljgotos)-

Then the flow splits at v between €' and vw in such a way that during [0,0 + 6.5] the outflow from
gadget I satisfies

.. _ . + _.
(i) (B—3) 1[9+a+%79+0_5] < Jfo <B-1Ljppto.5 and

(1i3) Lio424a,046.5—2a] < f;r < ljg42,0+6.5) (where we use f;r to denote the inflow into the first edge
of path p).
(iv) Moreover, the gadget is empty by time 6 + 6.5.

Proof. Property (i) is immediately clear from the construction as gadget I contains only two edges,
both with free flow travel time 1.

To show the bounds on the outflow rates (i.e. (ii) to (iv)) we start with the case that the inflow into
node v (i.e. f;°) exactly matches the lower bound. In this case the first particles arrive at node v at
time 6 + «. At this time, edge vw is the only active edge starting at v (as the path vw,wz,p is at
least one shorter than any other v, ¢-path and we have no queues on p). Thus, at first all flow arriving
at v enters the edge vw and a queue starts to grow at a rate of 8 — 3. At time 0 + o + % <6+0.5
the queue on edge vw reaches a length of 3 and, hence, edge ¢’ becomes active as well (as the free
flow travel time along €', p’ is exactly one more than along vw,wz, p and there is also no queue on
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p’). From here on the flow enters edge vw at a rate of 3 (to keep the queue length constant) and
edge ¢’ at a rate of 8 — 3. This already shows ff = (8 —3)- Ligtat,25 0405 on the relevant interval.

Furthermore, the outflow of edge vw is described by ff =3- Ljo414a,0+2.5) (note that at time 6 + 0.5
the inflow into edge vw stops with a queue of length 3). From this, it immediately follows that we
have ff = fo. = Ljo42+a,0+6.5-2a]-

Choosing o = 0 and 3 = 8 now immediately implies that the outflow rates are upper bounded by
the stated upper bounds if the inflow rate into node v matches the given upper bound. The bounds
then also hold for all other inflow rates (obeying the stated bounds) due to the monotonicity of the
edge flow dynamics (cf. Corollary 3.23). [ |

Additionally, we need another gadget of very similar form which we will call redirect gadget R.
This gadget consists of two nodes v and z connected by an edge of free flow travel time and capacity
1. The gadget will be embedded into a larger network in such a way that there are incoming edges
and one outgoing edge of equal capacity at node v and one more outgoing edge from node z leading
towards the sink via a unique path p. Furthermore, the outgoing edge from v (which we will denote
by ¢’) has free flow time 1 and leads to some node v’ from which there exists a path p’ towards the
sink. This path has the exact same free flow travel time as vw, p.
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Figure 41: The redirect gadget R. Dashed edges are not part of the gadget and only indicate how
to embedded this gadget into a larger network. The graphs depict the and lower
bounds on the flow from Claim 19 for the outflow rate from edge e (left) and the inflow
rate into edge e’ (right).

Claim 19. Gadget R satisfies the following structural property:
(i) The sum of all free flow travel times of all edges in R is 1

Now assume that R is correctly embedded into a larger network. Let f be some IDFE in the larger

network, 6 € R>( some time and B >0>3,v>0and0<a<0.5— % positive real numbers such

that

e gadget R and edge €' carry no flow at some time 6,
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e the only inflow into the gadget during [0,6 + 0.5] arrives over one edge e € §~ (v) and satisfies
B Lprao40.5 < fo < B Ljggros);

e the waiting time along path p’ is at most v during all times in [0,6 + 0.5] and

o the waiting time along any v',t-path not containing v never grows at a rate of more than 2
during this interval.

Then the flow splits at v in such a way between vz and €' that the inflow into edge €' satisfies

(i) (B—3)- ]1[“%%79%5] < f3 < B-Lpotos)-
Proof. Property (i) follows directly from the construction. The upper bound in (ii) follows by flow
conservation at node v. Due to the monotonicity of the edge flow dynamics it, therefore, suffices to
show that the lower bound holds if the outflow from edge e exactly matches the given lower bound.
So, assume that this is the case. Then flow starts to arrive at node v at a rate of 5 at time 6 + . At
first all this flow enters edge vz and a queue starts to grow there at a rate of 5 — 1. This continues
until edge €’ becomes active. Since the free flow travel time along the path ¢’,p’ is exactly one more
than along vz, p and the total waiting time along the former path is at most -, this happens at the
latest at time 0+ o+ g—i < #+0.5 (at which point the queue on edge vz would have reached a length
of v+ 1). Since no queue ever forms on edge e’ and the waiting time along any v’, t-path grows at
most at a rate of 2, the queue on edge vz can grow at most at this rate as well after this time. Thus,
flow enters edge vz at a rate of at most 3 after time 6 + o« + g—ﬂ and, consequently, into edge €’ at a
rate of at least 5 — 3. Thus, the lower bound from (ii) holds as well. [ ]

From this we construct the cycling gadget C as follows (cf. Figure 42): We take 3% copies of the
injection gadget I and one copy of the redirect gadget R. We rename the input nodes of the injection
gadgets such that the input node of the i-th injection gadget I; is called v; and refer to the input
node of the redirect gadget both by vy and vsx ;. We then connect them as follows: For ¢ € [K] — 1
and m € [357¢ — 1 we add and edge of free flow travel time 3¢ and capacity 2U from vse,,; to
V3¢ (m+1)+1- Additionally, there is one edge vov; of free flow travel time 1 and capacity 2U. Here, we
define U := (6L - 35! + 3K + L).

Finally, we get our complete network Nk 1 by combining one cycling gadget C' and one blocking
gadget BX in the following way (cf. Figure 43): For every i € [3%] we connect the output node
of the i-th injection gadget in C' with the i-th input node of gadget BX via a direct edge e; with
free flow travel time 3% — 6 and capacity 1. We add an additional node ¢t and add one edge of free
flow travel time 1 and capacity 3 from the output node of BX to t and one edge of free flow travel
time (K — 1)(3% 4+ 1) — 5-3%-2 4+ 4 and capacity 1 from the output node of gadget R in C to t.
Finally, we make ¢ the only sink node in N 1 and vy the only node with a non-zero network inflow
rate which we define as 2U - 1jg g 5]-

Claim 20. The network Nk 1, then satisfies the following structural properties:

(i) For anyi € [3%] there exists a unique path p; connecting the output node of the i-th copy of gadget
I to the sink node t. The free flow travel time along this path is (K —1)(3% +1) —5.3K-2 4+ 3.

(ii) Gadgets BX, R and all copies of gadget I are embedded correctly in the network.
(iii) The sum of all free flow travel times in Nk 1, is

T(Ni,r) =335 + (2K —8) - 3% + (55 — 30K) - 35 2 + K + 2.

Now, let (f,0) be a partial IDE in Nk, and o, 8 € R>g two constants such that

e the constants satisfy 3 > (5L + 1)35+1 + 3K and o < 0.5 — i,
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Figure 42: The cycling gadget C.

at time 0 the only edge in C carrying flow is one edge e € 6~ (vp),

the inflow into node vy (via this edge €) during the interval (0,0 + 1] satisfies
B Lipta0t05 < fo <2U - L gi05),

e edge e is empty by time 0 + 1 and

in any extension of (f,0) as a Vickrey flow any flow currently on the (unique) path from the
i-th injection gadget to t for some i € [3%] will not be part of any queues after time 0 + (i — 1).

Then we can extend (f,0) to a partial IDE up to time 0+ K - (35 +1) satisfying the following properties:

(iv) At time 6 + K - (35 + 1) the only edge in C carrying flow is one edge e € 6~ (vg). Moreover,
in any further extension of (f,0 + K - (3% + 1)) as a Vickrey flow any flow currently on the
(unique) path from the i-th injection gadget to t for some i € [3%] will not be part of any queues
after time 0 + K - (3% 4+ 1) + (i — 1). Finally, edge e is empty by time 6 + K - (35 +1) + 1.

(v) The inflow into node vy (via edge e) satisfies
(B—3(3% +K))-1

(04K (35 +1) ot 5 .0+ K- (3K +1)+0.5] S fo S 2U sk (35 41) 04K (35 4+1)+0.5)

during the interval [0 + K - (3% +1),0 + K - (3% + 1) + 1] for some € > 0.

Proof. By construction the output node of any injection gadget I; has exactly one outgoing edge e;
which connects it to the i-th input node of BX. By Claim 17(i) there is then a unique path pX to the
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2U - 1yp,0.5]

€3K

(T +gmye 5= (1+ 40 (1 - 31))

Figure 43: The complete network N j, constructed for the proof of Theorem 6.15

output node of BX from where there is a single edge leading directly to the sink. The free flow travel
time of this path (which we will denote by p;) is then

35 -6+ (K—-2)3% +1)-5-3%F 2 - 1) +4+1=(K-1)(3% +1) - 5-3572 4+ 3.

This shows property (i).
With this it follows directly from the construction of Nk ; that all used gadget are embedded

correctly, i.e. property (ii) is satisfied as well.
To get the sum of all free flow travel times in Nk 1 we first calculate this sum in gadget C' (using
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Claim 18(i) and Claim 19(i)):

K-—1
3. 241414 3 83508 = 24 K) .35 42
=0

Adding the sum of free flow travel times in B® from Claim 17(ii) and the free flow travel times of the
additional edges outside the two gadget C' and B we get

TWip) = (24 K) - 35 + 24 33 +3)(3% —9) =10+ (K = 2)- 3571 +18
+35. 35 —6) + (K —1)(3% +1)—5-352 1441
= 3.32K 4 (2K —8)- 3K 4 (55 — 30K) - 352 4 K + 2L,

Thus, property (iii) holds as well.

Now, let (f, ) be a partial IDE satisfying the assumptions in the claim. We construct the extension
in K phases. First, there is a charging phase during which the main flow volume traverses once
through the cycling gadget C sending a small amount of flow towards the blocking gadget BX at
every injection gadget I. This is then followed by K — 1 blocking phases during which the flow inside
gadget BX creates a sequence of increasing and decreasing waiting times on the paths p; towards the
sink which let the main amount of flow traverse the cycling gadget without loosing any additional flow
(except for at the redirection gadget R). We now describe the extension in more detail and show that
it is an IDE satisfying the required properties:

Charging phase: Here, we can use any extension of (f,6) to a partial IDE up to time 0 + 3% + 1.
Any such extension then has the following form: Since the assumptions on (f,6) guarantee,
in particular, that there is no waiting time on p; during [0, 6 + 1], we can apply Claim 19(ii)®
(with v = v;1) to deduce that the flow will arrive at node v; at a rate bounded by (8 — 3) -

]l[9+1+a+ﬁ 041.5] < fe",' <2U -1jg,940.5- Now, iteratively applying Claim 18 (together with our

assumption guaranteeing that there is no waiting time on path p; during [0+ (i—1),0+(i—1)+6.5])
shows that the flow will then travel from one injection gadget to the next, eventually arriving back
at node vg at a rate bounded by - g/ yo,9/40.5) < f;,r <2U -1gr,9/10.5) Where 0" = 6 + 3K 41,
o =a+ ﬁ +Z?:1 ﬁ and 3’ := f—3(1+3%). These bounds (with appropriate time shift)
than also hold at every intermediate node v; and, thus, Claim 18(iii) guarantees that the inflow
into edge €; connecting C and BK is bounded by ]1[0+i+2+a’,9+i+6.5—2a’] S fet S ]1[0+7l+2,9+i+6‘5 .
This flow then arrives 3% — 6 time units later at the i-th input node of the blocking gadget B

Thus, the inflow into BX satisfies the assumptions of Claim 17 with § = 6 4+ 3 4+ 3% — 6 and
k = K. Thus, during [0 + 3% — 3,0 + K - (3% + 1)] the flow inside BX satisfies the properties
(iv) to (viii) from Claim 17 (with k = K and a time shift of 3% — 3), provided that there is no
additional inflow into B®. We will construct such an extension in the following blocking phases.

Blocking phases: We inductively construct K — 1 blocking phases of length 3% + 1 each: At the
beginning of the first blocking phase at time 6’ = § + 3% + 1 we know from the previous charging
phase that flow arrives at node vg via edge v3xvg at a rate bounded by 8- Ljgryor,0/10.5) < fj/ <
2U 19 g'40.5)- As the waiting time on path p; is bounded by 7- 3% = 7 according to Claim 17(vi)
and grows at a rate of at most 2 according to Claim 17(iv), we can apply Claim 19(ii) to ensure
that in any IDE extension flow splits in gadget R in such a way as to arrive at node v; one

. . - L
time unit later at a rate bounded by (8 — 3) 11[9'“*0"*{3/871 415 < fob,

<2U -Ljory1,6041.5)-
Since during
0 +1,6 +1.5]=[04+35 +2,0 +35 425 =0 +35 —3+50+35 -3+5+0.5)

the waiting time on path p; is at least 3.5 (according to Claim 17(viii)) while the waiting
time is at most 0.5 on path ps (according to Claim 17(vii)), sending all this flow along edge

5Note that we have not checked the requirements on o and 3 yet. We will do that for all application of both Claims 18
and 19 all at once at the end of the proof.
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v1vyg satisfies the IDE property. This pattern then continues, i.e. we can send all the flow
along the path vi,vs,v7,...,v3x1; = vo until it arrives back at vy at a rate bounded by

(8" =3)

Now, for £ = 2,3,..., K — 1 we can assume (by induction) that flow arrives at node vy via
some edge e € 0 (vg) at a rate bounded by B¢ - Ljg,+a,,0,+0.5 < fo < 2U -1y, 9,10.5 Where

=0+ —-1)B%+1), ap =0+ Zﬁ:z % and B¢ == B — 3(¢ — 1) while the rest
of gadget C' as well as all connecting edges e; are empty at time 6, and no additional flow has
entered the blocking gadget after the flow send towards it during the blocking phase. Note that
we have just shown this to be true for £ = 2. Then, according to Claim 17(iv) and (vi) the

waiting time on p; is at most 7-3~! and grows at a rate of at most 2 during
(00,00 +0.5] = [0/ + (£ —1)(3K +1),0' + (£ — 1)(3% + 1) +0.5]
=[04+35 +1+(-1)BK +1),0+35 +14+ (- 1)(3% +1) +0.5]
=[0+35 —34+(U-1DBX+1)+4,04+35 -3+ —-1)35 +1)+45].

+
8 0/ +3K +1.5] < fU3K,2Uo < 20 - ]1[9/+3K+1,0/+3K+1+0.5]-

-1
[9l+3K+1+04,+ B —1°

Thus, we can apply Claim 19(ii) to ensure that in any IDE extension flow splits in gadget R in such
a way as to arrive at node v one time unit later at a rate bounded by Be11- 1L, 114 ap.,,0041.5 <

[ <2u- 119,41,0,+1.5)- Here, we use ay + % = ay4+1. Now, by the time this flow arrives at

node v; the waiting time on path p; is at least 4-3°~1 —0.5 (according to Claim 17(viii)) while the
waiting time is at most 3~ —0.5 on path ps.; (according to Claim 17(vii)). Thus, sending all this
flow along edge vivze, satisfies the IDE property. This pattern then continues (see Figure 44),
i.e. we can send all the flow along the path vy, v3ey1,v9.3¢11,...,U3x11 = vp until it arrives back
at vo at a rate bounded by Bey1 - Ljg, 435 11 4ap,.0,+35+1.5 < fof < 2U - Ljg, 435 11,9,435 415
and, therefore, satisfying our assumption for the next blocking phase £ + 1.

N W OO

[6e+ 1,600 + 1.5]
[0 +1+3% 6, +1.54+ 3

Figure 44: The upper and lower bounds on the waiting times along consecutive paths p;, pse,; and so
on during the ¢-th blocking phase.

After the final blocking phase (i.e. at time 0 = 6 + K - (3% + 1)) flow then arrives at node vy at a
rate bounded by Bk - Lo, +ax,ox+05 < fo < 2U - L, 0,405 for some edge e € 6~ (v). Moreover,
all other edges in C' as well as all connecting edges e; carry no flow at that time. Finally, according to
Claim 17(v) the flow currently on any path p; will not be part of any queues after time

0+35 -3+ (i+4)+(K-2)3%+1)+85-35241
=0+ B+ )+ (K-2)B3% +1)+(9-352+1)4+i—-05-352
<O+ K-35 +1)+(—1)

where we use K > 3 for the last inequality. This shows that our extension satisfies property (iv). To
show that property (v) holds as well, we observe that

B =8 —3(K—-1)=-33%+1)-3(K -1)=6-303% + K)
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and

K 3K K ;
14732 1 3 14732
ax =o Zﬁ’—33—2 1 O‘+ﬂ—1+ZB—3—31+;3—3(3K+1)—3(j—2)—1

8302
sa Zﬁ 3— 3K+1+ZB 3K+1 _ 3K
S S 3+ N 4. (351 —1)
T B 1 T B3 3Kt T B3kl _3K
14+ 38+ 4 4.3K-1 4 2.5-3K+1—9.5-3K—1—3 1 9.5 1
sa+ K1 =oa+ K+1 at o — 7 <at .
5L - 3K+ 5L - 3K+ 2L  45L 2L

Finally, this then also allows us to show that at every time in the above proof where we applied
Claim 18 or Claim 19, the required bounds on « and  for the flow arriving at the respective input
node v; were satisfied: Since those values are always lower bounded by ax and Sk it suffices to show
the requirements for those: Indeed, we have

B =F—-3B% +K)>(BL+1)3%8 4+ 3K - 335 + K) =5L 35t >9

as well as
ag + SPRE N DV BN Sk G bl <ot <05
R T A T A A e B T Y SN J CY ey 2L
and, finally,
1+~ 1 95 1+7-35-1
oKt S oL T i T B3R 1
1 9+47-38+1_95. 35+ 1)
<a+ — <a+-—<05
T 45L - (3K — 1) satop =0
which concludes our proof. ]

We now construct an IDE with the desired makespan and total travel time as follows: We start
with the zero-flow up to time 0 (0,0) which clearly satisfies the assumptions on the given partial
IDE in Claim 20 (except that the inflow into node vy does not arrive via some edge e € 6~ (vg) but
instead as network inflow — however, this clearly does not change anything). We can, therefore, apply
Claim 20 to get a partial IDE until time K - (3% 4 1) which again satisfies the assumptions of this
claim on the given partial IDE. Thus, we can iteratively apply this claim until, after L extensions, we
have a partial IDE (f, LK - (3% + 1)) which still has not terminated (as flow still arrives at least at a
rate of 2U — 3L(3% + K)) = 6L - 35! + 3K + L —3L(3X + K) = 5L - 35! + L > 0 during at least
the interval [LK - (3% +1) + £ — ¢, LK - (3% + 1) 4 0.5] for some £ > 0). Extending this flow to an
IDE for all times (which we can always do by Theorem 4.15) gives us the desired IDE f. We have
U(f) > LK (3% +1) and

~

—_ Prop. 3.75 \I,(f) K 1 7 s K
=(f) P /0 {d{z KGX4+1)- (5 — &) (U - 3j(35 + K))

5L 35T > KL32K L (L —1).

H'Mh

Finally, we get (N ) € O(32K) from Claim 20(iii) and Uy, , € O(L3K) from our definition
of U and our subsequent choice of the network inflow rate. Moreover, vy is the only source node,
the last network inflow happens before time 1 and, by Claim 20(i) there exists a vg, t-path of length
(K-1)(3% +1)-5-35-2 1 6. O
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Unfolding the above network into an acyclic network now also provides us with a more interesting
lower bound for acyclic networks (compared to the one from Example 6.14)

Corollary 6.16. There exists a family of acyclic networks ./\N/KL and associated IDE f¥L indexed by
two natural numbers K and L such that

The network size is asymptomatically bounded by 3% + LK 3% i.e. 7(Ng.1) € O(3K (35X + K L)),

the total flow volume is asymptomatically bounded by L3%, i.e. Uk, € O(L3¥),

we have U(f5L) > LK (3% +1) and Z(f%F) > KL(L — 1) - 3*K and

it holds that 7, (Nx.1) € O(K3%) as well as 7, (Nx.1) € QLK3X).

Here, we denote by 7. (J\~fK7L) and Ty, (NK,L) the free flow times along the physically shortest and
longest source-sink-path in Nk 1, respectively.

Proof. We construct N, &, in a similar way as N 1, in the proof of Theorem 6.15 (cf. Figure 45).
Only, this time, we use LK copies of gadget C' and a single copy of gadget B . Furthermore, we add
one sink node ¢ and 3% 4 1 nodes wo, wy, ..., wsx. Then, instead of connecting the gadgets C' directly
to gadget BX or the sink (as before) we connect the i-th output node of every copy of gadget C' with
an edge of free flow travel time and capacity 1 to node w;. From there we add one edge to the i-th
input node of BX or directly to the sink (for i = 0). These edges all have a capacity of 1 and a free
flow travel time of 3% — 7 and (K — 1)(3% 4+ 1) — 5. 3%-2 + 3, respectively. Finally, we remove the
backwards edges vgv; from every copy of gadget C' and instead connect node vy of any gadget C' with
node vy of the next gadget C'. Using the same inflow rate as in network N 1, but only in the first
copy of gadget C, the “same” flow as in network N , is also an IDE in this new network and satisfies
the same lower bounds on the three quality measures.

Note, that in any single copy of gadget C' this flow then only uses one of the K parallel vy, vp-paths
through this gadget. Thus, we can remove K — 1 of those paths from every gadget without making
the flow infeasible. After this change, the sum of free flow travel times in any copy of gadget C' is in
O(3%). Thus, together with the bound from Theorem 6.15 we get 7(Nx.) € O(3*% + LK3X). O

Remark 6.17. Note that, after the deletion of the unused parallel path in the construction N, K1, the flow
FEL actually becomes the unique IDE in this network. Thus, the lower bounds from Corollary 6.16
hold not just for one but for all IDE in this network. A similar strengthening of Theorem 6.15 can be
achieved (without increasing the asymptotic bound on the size of the network) by using K copies of
the cycling gadget instead of just 1 and then connecting them in a similar way to the construction of

K,L-

6.2.2. Multi-Commodity Networks

In the last subsection we saw that in a single-commodity IDE a small amount of flow can keep a much
larger amount of flow from making any progress towards the sink for quite a long time. However,
eventually, such an IDE still must terminate as the part of the flow used for blocking the rest of the
flow is necessarily closer to the sink and, thus, cannot be blocked itself (this is exactly the main insight
that allowed us to prove termination of single-commodity flows in Subsection 6.1.2).

For multi-commodity IDE this need not be true anymore: If the blocking flow belongs to a different
commodity than the cycling flow, it could itself be separated from its sink by that cycling flow. Thus,
the cycling flow could, simultaneously, act as blocking flow for its blocking flow. Hence, conceptually,
a two commodity network with two cycles inbetween two sink nodes could be able to trap an IDE
flow forever (cf. Figure 46). In fact, the instance used by Ismaili to show that GPS-agents in a packet
routing game with current information setting may cycle forever (|Ism17, Theorem 8|) has almost
exactly this form. However, despite the apparent similarity between this discrete and our continuous
model, this result can not be directly transferred to our setting. The main difference here is that in
Ismaili’s model packets increase the current travel time on an edge (as perceived by other agents)
even if they themselves do not actually experience any increased travel time (because the capacity of
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(T'g+ g-y€ ¢ — (T + y&) (1 - 31)

Figure 45: Part of the network N k1, constructed for the proof of Corollary 6.16

the edge they are currently traversing is not exceeded). This allows Ismaili to construct an instance
wherein individual agents observe a constantly fluctuating current travel time (which allows them
to travel around a cycle forever) even though in reality there never are any queues anywhere in the
network.

cycling part
for red

cycling part
for blue

)

O

blocking part
for blue

blocking part
for red

Figure 46: The general structure of the network we use to construct a 2-commodity network in which
IDE never terminate.
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In contrast, for our model we require actual queues to form (and disperse) in some repeated pattern
in order to affect the behaviour of our flow particles. This, in turn, requires for the flow particles
waiting in such a queue to be able to catch up again to the particles leaving the queue earlier in order
to be able to build up the same queue again later. However, the general idea of constructing a network
consisting of two parts — each of them containing flow of one commodity and separating the other flow
from its sink — is exactly what we will use in the proof of the following theorem:

Theorem 6.18. There exists a two-commodity network with finitely lasting network inflow rates and
all free flow times and capacities equal to 1 wherein no IDE ever terminates.

Proof. We, once again, construct the network out of several smaller gadgets. Our main building
block will be a cycling gadget® C* (Figure 47) consisting of two cycles vw, wy;, y1y2,y2v and
VW, WT1, T1Te, Toxz, r3v of length 4 and 5, respectively, which share one common edge vw. Additionally,
there are three nodes z1, zo and z3 and edges wzim ys25 and x3y3. The two parameters are the
commodity ¢ € I = {1,2} and a time shift ¥ € Ny. The only node with positive network inflow is
node v with a network inflow rate of 2 for commodity ¢ during the interval [k, k& + 1].

4,,
3,,
2,,
1,,
L O
k +14+243+4+5 AN
41
31 PN
2f >~/ Tmmemmmee---- » oty
1t I
k 142434445 e
4t -
3,
2,,
1,,

l;: +‘1 +‘2 +‘3 +‘4 +‘5
Figure 47: The cycling gadget C¥. Dashed edges and nodes are not part of the gadget and only

indicate its correct embedding into a larger network. The graphs on the paths p1, po and
ps indicate the waiting times assumed to be on those paths in Claim 21.

We will embed this gadget into a larger network in such a way that the only edge entering this
gadget ends at node v and the only outgoing edges start at nodes w, z1, 22 and z3. Furthermore, we
have a physically shortest z;,¢;-path p; (where ¢; will be the unique sink node of commodity ¢) for
each j € [3] which share the same free flow travel time. Finally, any other path towards the sink ¢;
starting at either 21, 2o or z3 has a free flow travel time of at least 4 more than the paths p; and any
other w, t;-path has a free flow travel time of at least 5 more.

Claim 21. Assume that gadget Cf is correctly embedded into a larger network N and f is an IDE in
the larger network. Additionally, assume that f satisfies the following properties:

e No flow enters gadget CF from outside the gadget.

e The waiting time on path py is at least 4 during each interval [Sn+k+1,5n+k+3] and 0 during
each interval [5n + k +4,5n 4+ k + 5] for n € Ny (e.g. as in the graph on path py in Figure }7).

e The waiting time on path py is more than 1 during each interval [5n + k + 1,5n + k + 2), less
than 1 during (5n+ k4 2,5n + k + 3] and at least 3 during each interval [5n + k + 4,5n + k + 5]
forn € Ng.

SNote that, while this gadget serves a similar function to and bears the same name as the cycling gadget C from the
proof of Theorem 6.15, its structure is quite different.
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e The waiting time on path ps is 0 during each interval [5bn + k + 1,5n + k + 3] and at least 3
during each interval [5n + k 4+ 4,5n + k + 5] for n € Ny.

Then the flow inside the gadget exhibits the pattern displayed in Figure 48. In particular,
(i) No flow ever leaves the gadget.

(#i) The waiting time on edge vw increases linearly from 0 to 1 during each interval [5n+k, 5n+k-+1]
and decreases linearly from 1 to 0 during [5bn + k + 1,5n + k + 2] for n € Ng. Otherwise the
waiting time on this edge is 0.

(i1i) Moreover, if the assumed waiting time pattern holds only until some time § € R>q, then the
waiting time pattern described in (ii) holds until time € + 1.

x
'
'
'
'
'
'

Figure 48: The flow pattern inside gadget CF as stated in Claim 21. Note that after time § = k +5
this pattern repeats with a periodicity of 5.

Proof. We show this claim by describing the flow evolution inside this gadget: Since no flow enters
the gadget from outside, there is no flow inside the gadget before time 8 = k. After that, flow of
commodity 7 enters the network at node v at a rate of 2 for a unit time interval. As vw is the only
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edge leaving node v all flow enters this edge, forming a queue of size 1 by time k + 1. After that the
network inflow stops and, thus, the queue depletes and is empty again at time k£ + 2. Thus, there is an
outflow from edge vw at a rate of 1 during [k + 1,k + 3]. By our assumption the waiting time along
path p; is at least 4 and exactly 0 along path ps during this interval. Thus, edge wz; is never active
during this interval. Moreover, during [k + 1, k + 2) we have a waiting time of more than 1 along path
p3. Hence, edge wz is the only active edge leaving w during this time and all flow arriving at node w
enters this edge. During (k + 2, k 4 3] the waiting time on path ps is less than 1, edge wy; becomes
the unique active edge leaving w and, therefore, all flow enters this edge. During [k + 4, k + 5] the
waiting times along both paths ps and ps are at least 3 while the waiting time on path p; is 0. Thus,
both edges x323 and ys29 are inactive and flow enters both edges x3v and yov at a rate of 1 during
this interval. Finally, this flow arrives back at node v at a combined rate of 2 during [k + 5, k + 6] at
which point the described pattern repeats. This shows properties (i) and (ii).

For property (iii) we observe that the queue on edge vw until some time £ + 1 is completely
determined by the edge inflow rate on edges x3v and yow until time £. Therefore, if the waiting time
pattern on the paths p; is as assumed until time &, the inflow into those two edges follows the pattern
described before at least until time £ as well and, thus, the queue on edge vw follows the desired
pattern at least until time & + 1. |

By connecting multiple copies of gadget CF in series (with different values of k) we can now
essentially create paths with essentially any 5-periodic waiting time pattern. In particular, we can
build paths exhibiting the waiting time patterns required on the paths p;, p2 and p3. We will, thus,
create three types of blocking gadgets” Bi1 ’k, Bi2 * and Bf - parametrised again by the commodity
1 € {1,2} in the cycling gadgets used to construct the blocking gadget and a time shift k& € Np.

Gadget Bi?’ * is constructed as follows (Figure 49): We take three copies of gadget C;”P’ and three
copies of gadget Cf+4. We then connect these gadgets in series with 3 edges between each of them,
i.e. we add a path consisting of three edges starting at node w of the first copy of gadget C’lH?’ to the
node v of the second copy and so on. Then, we add two new nodes v and w and add an edge from the
new node v to the node v of the first copy of C’ik+3 and a path consisting of 25 edges from node w of

the third copy of Cf+4 to the new node w. Finally, we add six more new nodes zJ’-Hm for j € [3] and
m € {3,4}. We then connect each node z; of each copy of gadget C’ik+m with a direct edge to node
k+m
A
J
Gadgets BZ.1 * and Bf * are constructed analogously: For gadget BZ-1 * we use four copies of each
gadget C’ik"'o, C’f“ and C’f"‘z and connect them in series with three edges inbetween each consecutive
pair. This time, however, we connect node w of the last copy of C;H'g to the new node w of gadget

Bi1 * with only a single edge. Additionally, we have nodes zf*m for j € [3] and m € {0,1,2} which

have incoming edges from the nodes z; of the gadgets C’f*’” as before. For gadget B? * we use two
copies of CerO one copy of C’f“ and three copies each of Cik+3 and Cf+4. We connect those again in
series (always with three edges inbetween) and connect the last node w to the new node w with a

path of length 13. Finally, we have nodes zé”m for j € [3] and m € {0,1, 3,4} which have incoming

edges from the nodes z; of the gadgets C’f+m.

We will later embed these gadgets into a larger network in such a way that the only incoming edge

to gadget Bf * enters at node v and the only outgoing edges start at node w and at the nodes zj]-“+m.

Furthermore, we will ensure that for every Z;H_m there is a unique physically shortest z}”‘"ﬂ t;-path

p§+m with equal length while every other path towards t; starting at at some node z;«“’m has a free

flow travel time of at least 4 more than the paths p**™

PR Moreover, there exists no w, t;-path.

Claim 22. Any gadget Bf"k has the following property:
(i) There exists a unique v, w-path and it has a free flow travel time of 47.

Assume that a gadget Bf’k is correctly embedded into a larger network N and f is an IDE in the larger
network. Additionally, assume that f satisfies the following properties:

7 Again, this gadget should not be confused with its namesake from the proof of Theorem 6.15.
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Figure 49: The gadget B:f’k. The graphs next to the gadgets C’{“l indicate the waiting time pattern on
the central edge vw of the respective gadget. The graph to the left of the whole gadget
Bf’k indicates the resulting waiting time pattern on the whole central v, w-path through
this gadget. The red graphs on the paths p;?/ indicate the required waiting time pattern on

those in order to keep the flow inside B2 stable (i.e. the assumption in Claim 22).

e No flow enters gadget Bf’k from outside the gadget.
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o The waiting time on path any p’f+m is at least 4 during each interval [5Sn+k+m+1,5n+k+m+3]

and 0 during each interval [5n + k 4+ m +4,5n + k + m + 5] for n € Ny.

e The waiting time on any path p§+m is more than 1 during each interval 5n+k+m+1,5n+k+

m + 2), less than 1 during (5n +k+ m+2,5n+ k +m + 3] and at least 3 during each interval
Bn+k+m+4,5n+k+m+5] for n € Np.

e The waiting time on any path p§™™ is 0 during each interval [5n + k +m + 1,51 + k +m + 3]
and at least 3 during each interval [5n + k +m +4,5n + k +m + 5] for n € Ny.

Then the flow inside the gadget exhibits the pattern displayed in Figure /9. In particular,
(ii) No flow ever leaves the gadget.

(iii) For £ = 1 the waiting time along the unique v, w-path through gadget Bil’k 18 4 during each
interval [5n +k + 1,5n + k + 3] and 0 during each interval [5n + k + 4,5n + k + 5] for n € Np.

(iv) For { =2 the waiting time along the unique v, w-path through gadget Bf’k s more than 1 during
each interval [5n +k 4+ 1,5n + k + 2), less than 1 during each interval (5n + k + 2,5n + k + 3]
and 4 during each interval [5n + k + 4,5n + k + 5] for n € Ny.

(v) For £ = 3 the waiting time along the unique v, w-path through gadget Bf”k is 0 during each
interval [5n 4+ k + 1,5n + k + 3] and 3 during each interval [5n + k +4,5n + k + 5] for n € Ny.

(vi) Moreover, if the assumed waiting time pattern holds only until some time & € Rx>q, then the
waiting time pattern described in (iii), (iv) or (v), respectively, holds until time & 4 1.

Proof. First, it is clear from the construction that there is a unique v, w-path in any gadget B;" * via
the edges vw of every gadget CF used in the construction. The number of edges in this path is

e 1+12-1+411-3+41 =47 for gadget B;",
o 1+9-1+8-3+13 =47 for gadget B)"" and
o 14+6-1+5-3+25=47 for gadget B)"".

This shows property (i).
For the remaining properties we start by observing that all gadget Cf used in the construction are
embedded correctly in the larger network: For any node z; in any copy of gadget C’f+m there exists a

zj, ti-path p; == zjzf+m,p§+m of equal length. Any other z;,t;-path also has to go over node z;”m

first and, thus, has a free flow travel time of at least 4 more by our assumption that B} i correctly
embedded. Any w,t;-path p’ which is not wzy, zlz{”m,p’l”m either also leaves gadget C{”m via z1
(free flow travel time 1 before even arriving at z1) or it leaves directly at node w and traverses another
gadget C’i’Hm/ (free flow travel time of at least 5 before arriving at some node z;: in that next gadget).
In both cases our assumption that B}’ s correctly embedded into the larger network guarantees that
the free flow travel time along p’ is at least 5 more than along a shortest z;, t;-path.

Next, we note that the claim’s assumptions on the waiting times on the path pé”m exactly match
the assumptions on the waiting times along path p; in Claim 21. Thus, within each gadget Cf”m the
flow exhibits the properties stated in this claim. In particular, no flow leaves any of those gadgets
and, hence no flow leaves gadget BZ-"’k (i.e. property (i) holds). Moreover, the waiting time along the
central v, w-path through gadget B;" s just the sum of the waiting times specified in Claim 21(ii).
It is now easy to see that these waiting times satisfy properties (iii), (iv) or (v), respectively.

Moreover, Claim 21(iii) implies that this waiting time pattern holds until at least £ + 1 if the waiting
time pattern on the paths péﬁm satisfies our assumptions until at least time . Thus, property (vi)
holds as well. |
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Now, to build the full network N (cf. Figure 50) we take one copy of each gadget Bf’k for n € [3],

k € [5] — 1 and ¢ € [2] and one sink node #; and ty for each commodity 1 and 2. We then connect

these as follows: For any gadget B;' ¥ we connect its node w with a direct edge to commodity (i +1)’s

sink node ¢;41 and any node z]l-“'*'m with a direct edge to the the node v of gadget Bffﬁ " (where both
sz,k—&-m

the index ¢ 4+ 1 in ¢;41 and Bfffm and the superscript k + m in are to be read modulo 5).

© O © ) . ® )
\ c O —

Figure 50: A sketch of the whole network constructed in the proof of Theorem 6.18. Commodity 1 is

blue and commodity 2 is . Not all copies of gadgets Bf’k and not all connecting edges
are drawn.

We first show that every gadget B;' s correctly embedded in . For any node z;“m in gadget
B! * there exists the following z;.”m, t;-path p§+m of length 49: First the direct edge towards node v of
gadget Bfff " then the direct v, w-path through this gadget (with length 47 according to Claim 22(i))

and then the direct edge from node w to the sink ¢;. Any other zjl-“+m, t;-path must start the same

way but then leave gadget Bfffr " towards some gadget B L By the time the path enters this

gadget the alternative path has already accumulated a length of at least 6 and still has to traverse one
complete gadget Bf;,r/l’k” in order to reach the sink t;, giving us a total free flow travel time of at least
47 + 6 = 49 + 4. Additionally, it is immediately clear from the construction of network N that there
exists no w, t;-path from node w in gadget gadget B ok, Thus, gadget B}’ s correctly embedded in
network N.

Now let f be any IDE in V. Let gadget B, * be any blocking gadget used in the construction of N.
We then show via induction on £ € Ny that f exhibits the pattern described in Claim 22 until at least

&.
Base Case (£ = 0): This is trivially satisfied.

Induction Step (¢ — £ + 1): By construction and induction the waiting time pattern on all paths
p?+m leaving gadget an_ﬁ satisfy the assumption on the waiting pattern in Claim 22 until at
least time . Then we know from Claim 22(vi) that the desired waiting time pattern inside

gadget Bf’k until at least time & + 1.

This now shows, in particular, that f never terminates (as all waiting times would be forever zero
after the flow terminates). O

Remark 6.19. An interesting use for the instance constructed in the proof above has been proposed
by Hagenmaier in [Hag23]: Since this instance has a unique IDE which one can describe for all
times, it can be used as a (quite complex) benchmark instance for numerical algorithms that compute
(approximate) IDE when testing how close the computed flows stay to an exact IDE over time.
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6.3. The Price of Anarchy

A good way of summarizing the results from this chapter is by turning them into asymptotic bounds
for the Price of Anarchy of IDE. In general, the Price of Anarchy (PoA) of any game, as introduced
by Koutsoupias and Papadimitriou in [KP99; Pap01], is the worst case ratio of the objective in an
equilibrium to the optimal objective. For a single network we define the following PoA:

Definition 6.20. Let N be a feasible network with finitely lasting network inflow rates. Then we
define the makespan Price of Anarchy for N by

U—PoA = sup { \\Ilj((f; ‘ f an IDE in AV and g any feasible flow in N/ } )
g

Analogously, we define the total travel time Price of Anarchy for A by

=E—PoAn = sup { iijgc)) ’ f an IDE in A and g any feasible flow in A/ } i

Now, instead of calculating the PoA for individual networks, we will consider whole classes of
networks and derive asymptotic bounds for the PoA parametrised in the total flow volume U and the
size of the networks 7.

Definition 6.21. Let 91 be some class of feasible networks with finitely lasting inflow rates. Then we
define for any two natural numbers U, 7 € Ny the makespan Price of Anarchy for 91 by

— (V. E), v, L,u,T ith
V- PoAn(U,7) ;_Sup{q,_POAN‘ N =((V.B),7,v,1,u,T) € N wit }

YoecpTe<Tand Y ., Ui(6;) <U

Analogously, we define the total travel time Price of Anarchy for 91 by

— (V.E I.w.T) € 9N with
=—PoAn(U,7) 1=sup{E—P0AN‘ N = ((V.B),7,v.1,u,T) € Nwi }

YecpTe <Tand 3o, Us(fi) <U
In order to get good lower bounds on these PoA we need one final construction which allows us to

transform a network into one with a very simple optimal flow (and low makespan/total travel time)
but still essentially the same IDE.

Lemma 6.22. Let N be a feasible network with finitely lasting bounded network inflow rates, size
7(N) and total flow volume Upr. Let M > 0 be an essential bound to all network inflow rates
S ={(s,7) € Vx1I|us;#0} the set of source nodes and for any (s,i) € S the path ps; a (physically)
shortest s, T;-path with free flow travel time 7, .. Then, there exists a network N which includes N
as a subnetwork and satisfies the following properties:

(i) The size of N is T(N) +|S|- (5+36) and the total flow volume in N is UN—I—Z(S)i)eS@é%—Tpm)
(ii) There exists a Vickrey flow g in N with U(g) = 4420 and E(g) = (3+é)(UN+Z(SJ)€S(TP”+29A).
(i11) There exists a one to one correspondence between IDE f in N and IDE f in N such that we

have f;(@ +2+ 29) = f;'i(t()) for all 8 € R>q, i € I and all edges e from the original network.

Proof. We transform N into N as follows: For any (s,4) € S let t;; € T; be the the end node of p, ;.
We then add the following nodes and edges to A/ (cf. Figure 51): Two new nodes 5 and @ and four
edges:

e an edge §t;; with free flow travel time 3 + 0 and capacity M = max {M+1,7,,, + 0 1,

e an edge wt,; with free flow travel time 1 and capacity 1,
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e an edge Sw with free flow travel time 1 + 6 and capacity M and
e an edge ws with free flow travel time 6 and capacity M.

Finally, we set the network inflow of commodity 7 at node s to zero and instead define the following
network inflow rate at node s:

Tp.. + 0, if 9 € [0,1)
t5:(0) = 1+usi(0—1), if6ec[l,0+1]
0, else.

S NG 0) - Tjo,1)
Us,i =
(I+us;(_—1))-1

[1,0+1)

Figure 51: The transformation of A into A for the proof of Lemma 6.22 at a single source node s of
commodity 4.

The size of the new network is then

TN)=7N)+ D (5+30)

(s,1)€S

while the total flow volume is
Uy =Un+ Z (2@—1—7’,,571).
(s,i)eS
This shows property (i).

Now let f be any IDE in the newly constructed network. First, we observe that there will be no
flow inside the part from the original network N before time 1 + 26. Thus, f starts in the following
way: During the interval [0,1 + é) the only active source-sink-paths are the paths 5w, wt, ;. Thus, all
flow entering the network enters theses paths. During [1 + 6,2+ é] the flow arriving at node w enters
the direct edge towards ¢, ; building up a queue there. At time 2 + 6 this queue reaches a length of
Tpoi T 6—1 and, hence, the edge ws becomes active as well. From here on, the flow arriving at node
W enters the edge towards ¢s; at a rate of 1 (to keep the queue length constant) while the rest of
the flow enters the edge towards s. Thus, flow arrives at node s exactly at a rate of u,;(_ +2+ 21‘))
during [2 + 2@, 2+ Sé] From here on f can behave in exactly the same way as any IDE in the original
network N just with a time shift of 2 + 26. This shows property (iii).

For property (ii) we consider the flow g in A/ where we send all network inflow along the direct
edges 5t ;. As the capacity on these edges are large enough such that no queues ever form there, this
flow then terminates by time 1 + 0+3+6 and, thus, satisfies

U(f)=4+20 and ()= B+O(Un+ Y (.. +20). 0
(s,0)€S
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With this Lemma we can now derive the following asymptotic bounds for the PoA of IDE:

Theorem 6.23. Let M5C be the class of feasible single-commodity networks with finitely lasting,
essentially bounded network inflow rates, strictly positive, integer free flow travel times and capacities
and no dead-end nodes. Then we have

\IJ—POAmsc (U, T), E—POAmsc (U7 7’) S O(UT).
Furthermore, for large enough T and U > /T log T we have instances N' € M5 with
U—PoAy,E—PoAp € QU log 7).

Let N?° be the class of feasible acyclic networks with finitely lasting, essentially bounded network
inflow rates, strictly positive, integer free flow travel times and capacities and no dead-end nodes. Then
we have

U—PoAgac (U, 7), E—PoAgac (U, 7) € O(U + 1)

Furthermore, there exist instances N € 3 with
U—PoApr,E—PoAy ¢ OU + 7p,....)-

Let M€ be the class of feasible (multi-commodity) networks with finitely lasting inflow rates and
non-zero integer capacities and free flow travel times. Then we have

\II—POAmMC (U, 7') = E—POAmMc (U, T) = o0
for large enough U and T.

Proof. We start with 95¢: Let /' € M5C be any such network with flow volume Uy and size 7(N).
Since we do not allow any edges of zero free flow time, edges leaving a sink node will always be
inactive (cf. Proposition 2.67k)) and, thus, can be removed from the network without changing any
IDE. Then, according to Theorem 6.12/Remark 6.13, we have U(f) < 6 + (Uy + 1) - 37(N) and
E(f) < (Un)?- (117(N) +4) for any IDE f in A/. On the other hand any Vickrey flow g in A/ certainly
satisfies U(g) > 6+ 1 and Z(g) > Upr. This gives us the desired asymptotic upper bounds.

For the lower bound we apply the transformation from Lemma 6.22 to the networks N 1 from
Theorem 6.15. This way we obtain networks N K, with the following properties:

7'(/\7[{7[,) S 0(32K),
Ug, , € O(L3% + K3K),

there exists an IDE f in N with U(f) € Q(LK3%) and Z(f) € Q(KL?3%*X) and

there exists a Vickrey flow g in Nz, with ¥(g) € O(1) and Z(g) € O(L3K + K3%).

Now take any 7,U with 7 > 35 and U > /7 -logT. Then we can choose K € Ny with K > 3
such that 7 ~ 32X and L > K such that U ~ L3%X. The network ./\N/KL then has an IDE f with
U(f) € QLK3X) = QUlogT) and Z(f) € Q(KL?*3*() = Q(U?log ) and a Vickrey flow g with
U(g) € O(1) and Z(g) € O(L3%) = O(U). This shows the lower bound.

Next, we consider 9. The upper bound then follows directly from Theorem 6.5. For the lower
bound we apply the transformation from Lemma 6.22 to the networks N 1, from Corollary 6.16 to
obtain networks N k.1, with the following properties:

® Tpuin Wi L) € O(1),
o Uy, , € O(L3X + K3%),

e there exists an IDE f in N with U(f) € Q(LK3%) and Z(f) € Q(KL*3?X) and
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e there exists a Vickrey flow ¢ in Nk 1 with ¥(g) € O(1) and Z(g) € O(L3K + K3%).

This proves the lower bound.

Finally, the statement for 9TM€ follows directly from Theorem 6.18 since this Theorem provides
a network in 91 in which makespan and total travel time of any IDE are infinite. At the same time
there clearly exists a Vickrey flow where both these quality measures are finite. Thus, for all U and 7
larger than the total flow volume and size in this network, we get an unbounded PoA. O

Remark 6.24. The above bounds on the Price of Anarchy are equally true for the Price of Stability
([Ans+08]) which is defined in the same way as the Price of Anarchy with the only difference being
that we always take the best instead of the worst equilibrium flow. This is because we can choose the
lower bound instances such that the IDE in them are unique (cf. Remark 6.17).

6.4. Bibliographic Notes and Open Questions

The results presented in this chapter are mostly based on joint work with Tobias Harks published in
[GH22]. The non-termination result for multi-commodity networks (Theorem 6.18) is from our paper
[GH19].® There we also already showed that IDE in single-commodity networks are guaranteed to
terminate, but could not give any explicit bounds on the termination time. The required strengthening
of that proof (presented here in Theorem 6.12) was inspired by a discussion of the original termination
result with Kathrin Gimmi.

Natural goals for future research arising from this chapter are to close the gap between the upper
and lower bounds for makespan/total travel time for single-commodity networks and finding a
characterisation of multi-commodity networks that guarantee termination in terms of the topological
structure of the underlying graphs. For the former question it seems quite likely that the upper
bounds in particular are not tight as several of the estimations used in the proof of Theorem 6.15 are
rather rough. For the second question we already know from Theorem 6.5 that the class of graphs
guaranteeing termination includes at least all acyclic graphs but it seems quite likely that this class is
much larger. For example, graphs with only a single cycle should certainly still be contained in this
class. A bolder, but still plausible seeming, conjecture would be that planar graphs also guarantee
termination. Our non-termination instance is certainly not planar (note that already in a single
gadget Bf * one can easily find a K3 3 as a graph minor — see Figure 49) and it seems unlikely that
the complex interlinking structure needed for non-termination would be possible in a planar graph.
Studying (non-)termination for planar graph would, of course, also be interesting from an application
point of few as real world instances of road networks typically are planar.

Finally, it would also be interesting to know which of the results from this chapter can be extended
to other physical flow models. This seems particularly likely for the upper bound results as their proofs
do not rely to heavily on the exact details of our physical flow model. More precisely, the only two
main places where we use specific properties of the deterministic queuing model in Section 6.1 are in
the induction step of the proof of Claim 14 (when proving the upper bound for acyclic networks) and,
in form of the no-idling property (Corollary 3.24), in the proofs of Corollary 6.9 and Proposition 6.10.

80n a slightly personal note: This was in fact my first ever mathematical result and, thus, makes for a very fitting
theorem to conclude this thesis.
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7. Conclusion

We conclude this thesis with a short summary of its results, a comparison to some corresponding
results in the full information setting and some ideas for potential future research.

7.1. Summary and Comparison to Full Information Equilibria

In this thesis we introduced the concept of instantaneous dynamic equilibria as a model for dynamic
traffic flows with adaptive (selfish) route choice based on current information. We then studied
several key properties of such equilibrium flows: We showed existence in a very general setting and
provided alternative existence proofs for more specialized cases like right-constant flow rates and
single-commodity networks. For these special cases we then investigated the computational complexity
of finding such flows: Here we found that individual extensions can be computed in finite or even
polynomial time, respectively. Moreover, we showed that for the case of single-commodity networks
(with right-constant network inflow) a finite number of such extensions suffices to reach any given
finite time horizon. On the other hand we gave an example for a multi-commodity network with zero
free flow travel times where a certain finite time horizon cannot be reached by any finite number of
(constant) extensions. Additionally, we provided NP-hardness results for several decision problems
involving IDE. Finally, we turned to the quality of IDE. Here, we derived upper and lower bounds for
makespan and total travel time and, in particular, showed that IDE are guaranteed to terminate in
single-commodity networks whereas in multi-commodity networks it is possible for particles in an IDE
to be trapped in a cycle forever.

In the following table we summarize our main results for IDE (left) and contrast them to some
results for the analogous equilibria in the full information setting (right). We use the abbreviations sc
= single-commodity, mc¢ = multi-commodity and rc = right-constant.

current information

full information

existence

for sc

for mc

Yes: for rc inflow wusing thin
flows and convex optimization
(Thm. 4.36)

Yes:  for rc inflow wusing thin

flows and a fixed point theorem
(Thm. 4.31), for p-integrable in-
flows using a fixed point theorem
(Thm. 4.15) or a variational inequal-
ity (|GHS20, Thm. 5.6])

Yes: for rc inflow using thin flows
and a fixed point theorem ([CCL15,
Thm. 5])

Yes: for rc inflow using thin flows
and a variational inequality ([Ser20,
Thm. 5.10]), for p-integrable in-
flows using a variational inequality
([CCL15, Thm. 8])

uniqueness (of L, ;)

for sc

for mc

: Ex. 3.65°

: Ex. 3.65

Yes: [CCL15, Thm. 6], [OSK22,
Thm. 3.1]

o [Iry11, Sec. 4]

computation (rc only)

of single extension

in polynomial time for sc (Cor. 5.7),
in finite time for mec with 7. > 0
(Cor. 5.2)

in polynomial time for series-parallel
networks ([Kai22a, Cor. 32]), in fi-
nite time for sc ([Ser20, Sec. 3.6.1])

9Note that turning the network from Ex. 3.65 into a single-commodity instance does not change the possible flow

patterns in an IDE.
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of entire flow

complexity

in finite time for sc (Cor. 5.16), may

require to
reach time 7T for sc (Theorem 5.21b))
and for

mc with 7. =0 (Ex. 5.17)

decision problems involving IDE can

may require
wrt network size ([CCO22a,
Sec. 5.2]); otherwise unknown

computing thin flows is in PPAD

be (Thm. 5.25) (|[CCL15, Sec. 3])
steady state : Thm. 5.21c¢) Yes: [CCO22a, Thm. 3|, [OSV22,
(sc only) Thm. 3.3]
termination
for sc Yes: Thm. 6.12 Yes: trivial
for mc : Thm. 6.18 (Yes in acyclic net- Yes: trivial

works: Thm. 6.5)

makespan PoA = —45 ([CCO22b,
Lem. 6], assuming monotonicity con-
jecture), makespan and total travel
time PoA = 1 for shortest-path net-

works ([KS11, Thm. 4])

makespan and total travel time PoA
in O(UT)N (Thm. 6.23)

quality (sc only)

We can draw two main observation from this comparison: On the one hand, IDE tend to be less
well behaved when it comes to quality (i.e. termination and PoA) and stability (i.e. uniqueness and
long term behaviour). This is, to some extent, to be expected due to the fact that agents make their
decisions based on incomplete information and could, thus, be seen as a “price of short-sightedness”.
The contribution of this thesis to that aspect is then a study of this price of short-sightedness. On
the other hand, IDE appear to be more open to a certain type of local analysis both when it comes
to positive results (e.g. computation) and when it comes to negative results (i.e. the gadget-based
construction and analysis of quite complicated networks). This allowed us to answer questions for
IDE that are still open for the full information setting (e.g. the number of required extension steps
to construct equilibrium flows). Despite these differences, there are of course also many similarities
between these two types of equilibria — especially when it comes to the model itself. Because of this,
we were able to reuse and adapt several ideas from the full information setting for IDE (e.g. the
description based on node labels or the concept of thin flows).

7.2. Potential Directions for Future Research

As we already discussed several open questions directly related to the results of this thesis in the
“Open Questions™sections of the respective chapters, we will only discuss three more general topics for
future research in the context of IDE here:

A unified framework for current and full information equilibria: Considering how much of the
model introduced by Koch and Skutella [KS11] and Cominetti, Correa and Larré [CCL15] for the
full information setting we were able to adapt and reuse for the current information setting here, this
raises the question whether there could be a more general model that encompasses both these settings.
Such a general model would ideally allow a generalization of results that hold for both models (e.g.
existence results) and also facilitate a better understanding of which results can be transferred from
one to the other and which ones cannot (and why). Moreover, one could potentially use such a general
model to study a parametrized price of short-sightedness, i.e. how the quality of equilibrium flows is
affected by giving the agents some but not complete knowledge about the future (which might be
more realistic than either of the two extremes of no and full knowledge).

One such general framework has already been proposed by Graf, Harks, Kollias and Markl in the
form of dynamic prediction equilibria [GHKM23|, though no theoretical results about the fully general
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model have been shown yet. In particular, there is no general existence result yet that would apply to
both the current and the full information setting. One of the main obstacle in unifying the known
existence results for these two models seems to be the difference in what is the natural definition
of a partial equilibrium flow in the two settings: A flow where all edge flow rates are fixed until
some common time £ versus one where all edge flow rates are fixed until the earliest entrance time
for particles starting from the source at time £. This same difference can also be seen in the exact
definition of thin flows for both settings.

Extensions of the IDE-model: Extending the model presented in this thesis could be interesting for
at least two reasons: Firstly, depending on the application one has in mind, different or more powerful
physical models could be more realistic (e.g. using linear edge delays instead of the Vickrey point
queue model or including spillback effects). Several such extensions have already been studied in the
full information setting (see e.g. [ZMO00; SV18]) that could also be studied in the current information
setting. Moreover, as already pointed out throughout this thesis, several of our results do not rely to
heavily on the particular details of the physical model used here and should, therefore, also hold for
other models.

Secondly, one might see the rather large price of anarchy of IDE as a motivation for extensions of
the behavioural model that try to improve the quality of the resulting equilibrium. This could be
done via tolls, by changing the network parameters (which turns the game into a Stackelberg model —
see [BFA15] for such an extension of the full information model) or by letting the agents make their
decisions using more complex predictions based on current (and past) information. The latter setting
has already been studied in [GHKM23] and numerical experiments indicate that this can indeed lead
to an improvement of the overall travel times.

Computational studies: Our positive results with respect to the computation of IDE suggest that
they could be a good target for computational studies. In particular, it should be interesting to contrast
the theoretical worst case quality bounds shown in this thesis with the actual quality of IDE in realistic
instances. Two implementation of dynamic flows that allow for the computation of IDE are already
available: One by Michael Markl (available at https://github.com/ArbeitsgruppeTobiasHarks/
dynamic-prediction-equilibria) and one by Johannes Hagenmaier (available at https://github.
com/johanneshage/ide-repository). The latter also includes a discrete variant of IDE, i.e. current
information equilibria in the competitive packet routing model. Thus, it could also be used to
investigate whether for small enough packet sizes the discrete and continuous version of IDE are close
approximations of each other (similarly to the experimental study [Zie+21] conducted by Ziemke,
Sering, Vargas Koch, Zimmer, Nagel and Skutella for the full information setting).
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A. Index of Definitions

3Sat, 30

Banach space, 18
reflexive, 20
bounded almost everywhere, 15

capacity, 55
closed graph, 23
commodity, 55
current distance, 59
current exit time, 34
current information equilibrium, 10
current travel time
expected, 34
experienced, 32
commodity specific, 46
cycle, 25

dual space, 19
dynamic flow, see flow

edge

active, 59

efficient, 25
edge load, 32

commodity specific, 45
equal almost everywhere, 15
essentially bounded, 15

event
simple, 103
Zeno-, 103
FIFO, 35

first-in first our principle, see FIFO
flow, 55
edge
anonymous, 31
associated anonymous, 45
cumulative, 31
multi-commodity, 45
Vickrey, 48
entering at time 6, 32
feasible, 57
optimal, 63
partial, 69
extension of, 69
respects capacity, 33
terminates, 64
Vickrey, 57
partial, 69
flow balance, 56
flow conservation
at nodes, 56
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on edges, 32, 46
free flow travel time, 54
full information equilibrium, 10
function
absolutely continuous, 21
integrable, 16
locally, 16
measurable, 15
non-decreasing, 14
non-increasing, 14
p-integrable, 16
locally, 16
right-constant, 14
strictly increasing, 14

gadget
blocking, 148, 166
clause, 120
cycling, 156, 164
delay, 145

injection, 153

redirect, 155

variable, 120
graph

acyclic, 25

directed, 24

of a function, 23

sub-, 24

IDE, 60
partial, 69
simple, 103
IDE-thin flow, 78
IDE-thin flow augmentation, 84
inflow rate, 31
instantaneous dynamic equilibrium, see IDE

Lebesgue measure, 15
makespan, 63

network, 54
feasible, 55
sub-, 58

network inflow rate, 55

network load, 56

node
dead-end, 55
sink, 55
source, 55

node labels, 25

norm, 18
P 19



uniform, 19
normed vector space, 18
NP-complete, 29
NP-hard, 29
null set, 15

outflow rate, 31

path, 25

active, 59

efficient, 25

length of, 25
periodic state, 117
phase, 103
PoA, 170

makespan, 170

total travel time, 170
preorder, 23
Price of Anarchy, see PoA

queue
operates at capacity, 34
operates fair, 48
starts empty, 33

queue length, 33
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set of measure zero, 15
steady state, 117
strong flow conservation
at nodes, 56
on edges, 32
subgraph, 24
e-sink-like, 137
induced, 25
subnetwork, 58

topological order, 25
topological vector space, 18
locally convex, 18

topology
strong, 18
weak, 19

total travel time, 63
truncated linear function, 97

walk, 25

weak flow conservation
at nodes, 56
on edges, 32



B. List of Symbols and Notation

Symbol ‘ Name ‘ Description
General
Np natural numbers The natural numbers including 0
N* positive numbers The natural numbers excluding 0
[n)] numbers 1 to n The set {1,...,n}; the empty set for n = 0 (cf.
Sec. 2.1)
[n] — k numbers 1 — k ton — k Theset {1—k,....,n—k}
R real numbers
R>g non-negative real numbers | All real numbers > 0
R<g (strictly) positive real num- | All real numbers > 0
bers
Rzo extended non-negative | All real numbers > 0 and oo
numbers

ceil function

floor function

[x] rounds z to the smallest whole number larger or
equal to x
|| rounds z to the largest whole number smaller or
equal to x

24 power set of A The set of subsets of A

U disjoint union Used to emphezize that the two sets combinded in
AU B are disjoint

o(f) big O The set of functions growing assymptotically at most
as fast as f (cf. Def. 2.70)

Q(f) big omega The set of functions growing assymptotically at least
as fast as f (cf. Def. 2.70)

v w direct sum The direct sum of two vectors (cf. Sec. 2.1)

Topology

B, (x) open ball The open ball of radius r around z (cf. Def. 2.27)

B, () closed ball The closed ball of radius r around z (cf. Def. 2.27)

Il norm The norm function of a normed vector space

-1l uniform norm The uniform norm on C(.J) (cf. Prop. 2.30)

11l

p-norm

The p norm on LP(J) (cf. Prop. 2.31)

Measure Theory

1
f =ae. 9
[ <ae g

[ £(Q)d¢

Lebesgue measure
equal almost everywhere
essentially bounded by

Lebesgue integral

The Lebesgue measure on R (or some subset of R)
(cf. Def. 2.2)

The functions f and g are equal for almost all € in
their common domain (cf. Def. 2.5)

The function f is less or equal to g almost everywhere
on their domain (cf. Def. 2.5)

The lebesgue integral of f over J

Functions and function spaces

Oo f

o-f
04 f

derivative of f

left derivative of f
right derivative of f

The derivative of f with respect to the argument 6.
Index 6 can be omitted

The derivative of f from the left side
The derivative of f from the right side
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fla

restriction

Restriction of function f to subset A of its domain

14 characteristic function The characteristic function of set A (cf. Sec. 2.1)
graph(f) graph of f The graph of a function (cf. Def. 2.55)
fo 2 f weak convergence The sequence (f™) converges to f with respect to
the weak topology (cf. Def. 2.33)
Y (J) locally p-integrable func- | The space of locally p-integrable functions on the
tions interval J (cf. Def. 2.16)
LY (J,R>0) non-negative locally | The set of locally p-integrable functions from the
p-integrable functions interval J to R>q (cf. Def. 2.16)
AC(J) absolutely continuous func- | The space of absolutely continuous functions on the
tions interval J (cf. Def. 2.44)
AC7(J) absolutely continuous non- | The set of absolutely continuous non-decreasing func-
decreasing functions tions on the interval J (cf. Def. 2.44)
Graphs
G=(V,E) directed graph A directed graph with node set V' and edge set E
(cf. Def. 2.59)
E(G) edges of G Set of edges of graph G; argument G usually ommited
vw € E edge from v to w
V(G) nodes of G Set of nodes of graph G; argument G usually om-
mited
55(1}) edges leaving v The set of all edges e = vw € FE leaving node v;
index G usually omitted (cf. Def. 2.59)
0 (v) edges entering v The set of all edges e = wv € E entering node v;
index G usually omitted (cf. Def. 2.59)
G'CG subgraph G’ is a subgraph of G (cf. Def. 2.60)
G[W] induced subgraph on W The maximal subgraph of G with node set W (cf.
Def. 2.61)
E[W] edgeset of induced sub-
graph
Networks
N network A network consisting of a graph with free flow travel
times and capacities and commodities with network
inflow rates and sink nodes (cf. Def. 3.48)
Te € R>p free flow travel time The time it takes to traverse edge e without any
congestion (cf. Def. 3.48)
Ve € Ry capacity The maximum rate at which particles may traverse
edge e
I commodities Set of commodities; individual commodities are usu-
ally denoted by i@
Uy,i network inflow rate A locally integrable function denoting the rate at
which particles of commodity 7 enter the network at
node v
T, CV sink nodes Set of sink nodes of commodity @
S; CV source nodes Set of source nodes of commodity ¢ (cf. Def. 3.48)
vicv dead-end nodes Set of dead-end nodes of commodity ¢ (cf. Def. 3.48)
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Tpmax

Vmin

cumulative network inflow

cumulative network inflow

last inflow time

last inflow time

maximal free flow travel
time

physical length of longest
path

minimal capacity

total flow volume in N

network size

U, i(0) denotes the total volume of flow of commod-
ity ¢ which has entered the network at node v by
time 6 (cf. Def. 3.48)

U;(0) denote the total volume of flow of commod-
ity ¢ that has entered the network by time 6 (cf.
Prop. 3.53)

Earliest time such that no flow of commodity 7 enters
the network after that time (cf. Def. 3.48)

Earliest time such that no flow of any commodity
enters the network after that time (cf. Def. 3.48)

The largest free flow travel time of any edge in the
given network (cf. Cor. 6.9)

The largest free flow travel time along any v, T;-path
in a given network (cf. Eq. (48))

The smallest capacity of any edge in a given network
(cf. Eq. (48))

The total cumulative network inflow into N (cf.
Thm. 6.15)

The sum of all free flow travel times in A (cf.
Thm. 6.15)

Dynamic flows

f&
fe
fe = (f:raf;)

(anonymous) inflow rate
(anonymous) outflow rate
(anonymous) edge flow

(anonymous) cumulative
inflow

(anonymous) cumulative
outflow

edge load

experienced current travel
time

(commodity-specific)
inflow rate
(commodity-specific) out-
flow rate

(multi-commodity) edge
flow

(commodity-specific) cu-
mulative inflow
(commodity-specific) cu-

mulative outflow
(commodity-specific) edge
load

experienced current travel
time

queue length

A function denoting the inflow rate (of all commod-
ities) into edge e (cf. Def. 3.1)
A function denoting the outflow rate (of all commod-
ities) from edge e (cf. Def. 3.1)

In- and outflow rate describing the (anonymous) flow
on a single edge e (cf. Def. 3.1)

A function denoting the cumulative inflow (of all
commodities) into edge e (cf. Def. 3.2)

A function denoting the cumulative outflow (of all
commodities) from edge e (cf. Def. 3.2)

Total volume of flow on edge e at time 6 (cf. Def. 3.2)

Experienced travel time on edge e for interchangeable
particles when entering at time 6 (cf. Def. 3.7)

A function denoting the inflow rate of commodity 4
into edge e (cf. Def. 3.25)

A function denoting the outflow rate of commodity 4
from edge e (cf. Def. 3.25)

In- and outflow rates for all commodities describing
the flow on a single edge e (cf. Def. 3.25)

A function denoting the cumulative inflow of com-
modity ¢ into edge e

A function denoting the cumulative outflow of com-
modity ¢ from edge e

Total volume of flow of commodity 7 on edge e at
time @ (cf. Subsection 3.1.2)

Experienced travel time on edge e for particles of
commodity ¢ when entering at time 6 (cf. Def. 3.7)

Queue length on edge e at time 6 (cf. Def. 3.10)
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FWN)
Fpa(N)
Fpe P (N)
limy, (f), &)

Pé

(&

Ve

(expected) current travel
time

(expected) current travel
time

(expected) exit time

(expected) current dis-

tance

active edges

active paths

node balance

network load

network load

cumulative network out-
flow

makespan

total travel time

dynamic flows
partial flows

partial IDE

limit of partial flows

edge loading

change of waiting times

Current travel time on edge e when entering at time 6
(cf. Def. 3.14)

Current travel time expected along some path p when
entering at time 6 (cf. Def. 3.60)

Exit time from edge e when entering at time 6 (cf.
Def. 3.14)

The shortest distance from v to the closest sink of
commodity ¢ under the current travel times at time 0
(cf. Def. 3.60)

The set of active edges for commodity ¢ at time 6
(cf. Def. 3.60)

The set of active v, T;-path for commodity ¢ at time 60
(cf. Def. 3.60)

The node balance of commodity ¢ at node v at time 6
(cf. Def. 3.50)

The total volume of flow of commodity i in the
network at time 6 (cf. Def. 3.50)

The total volume of flow in the network at time 6
(cf. Def. 3.50)

Flow volume of commodity i that already left the
network at time 6 (cf. Prop. 3.53)

The last arrival time of any particles of commodity 4
at a sink under f (cf. Def. 3.67)

The sum of travel times of all particles of commod-
ity ¢ under f (cf. Def. 3.67)

The set of all dynamic flows in N (cf. Def. 3.49)
The set of all partial flows in N (cf. Def. 4.1)
The set of all partial IDE in A/ (cf. Def. 4.1)

The limit of a sequence (f), &) < (f®,&) < ...
of partial flows (cf. Def. 4.8)

A function mapping edge inflow rates to edge outflow
rates such that together they form a Vickrey edge
flow until £ (cf. Cor. 3.46)

A function denoting the change of waiting times on

edge e depending on the (constant) future inflow rate
into that edge (cf. Eq. (38))
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