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Abstract

We examine the fine microstructure of commuting in a game-theoretic
setting with a continuum of commuters. Commuters’ home and work
locations can be heterogeneous. A commuter transport network is ex-
ogenous. Traffic speed is determined by link capacity and by local
congestion at a time and place along a link, where local congestion at
a time and place is endogenous. The model can be reinterpreted to
apply to congestion on the internet. We find sufficient conditions for
existence of equilibrium, that multiple equilibria are ubiquitous, and
that the welfare properties of morning and evening commute equilibria
differ on a tree.
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1 Introduction

1.1 Motivation

Commuting is a ubiquitous feature of the urban economy. Although the classic
literature has answered some basic questions in the field, such as whether
equilibrium commuting patterns are generally efficient, surprisingly some very
important questions remain open. If cars can catch up with each other, what
can we say about endogenous equilibrium congestion? Do models without an
explicit continuous time clock give us an accurate picture of traffic, in the sense
that they can approximate behavior in a truly dynamic model? In contrast
with most of the literature, our model says that multiple equilibria are to be
expected. Can traffic be improved simply by equilibrium selection rather
than congestion pricing? Are there distinct welfare differences between Nash
equilibria for commuting from home to work in contrast with commuting from
work to home on the same network? The last question is perhaps the most
important.! Our fine microstructure allows us to examine these differences.

There is an important application of our model to traffic and congestion on
the internet. Instead of cars, packets of information move over the network,
each with a given origin and destination. Both positive and normative ques-
tions concerning route choice and departure time can be addressed with our
model.? Interestingly, both the car and internet congestion literatures began
with discrete models (at different times), and eventually moved to continuous
flow models for tractability reasons. Congestion on the internet can be viewed
as either packet loss or delay.

The economic models employed in the commuting literature are often very
special and unrealistic; a literature review will be provided in the next subsec-
tion. One class of models features identical commuters, a very simple network
structure (for example a home, a workplace and one link between them), and
an exogenous bottleneck that results in queuing of traffic. It is not known to
what degree the results derived in the literature rely on these or other strong
simplifying assumptions that generally provide a reduced form viewpoint. In
contrast, we study a new class of more natural models that allows arbitrary

heterogeneity in both commuters and network structure (for example allowing

!For those who wish to skip ahead to this item, please see Example 4 and Theorem 3.
2Tn general, one user will send out many packets. However, if these represent a negligible

proportion of the total number of packets, coordination of the strategy choices for these

packets is the same as no coordination for our purposes.



cross-commuting), where congestion is endogenous and traffic slows in response
to congestion relative to road capacity. In the last subsection of the introduc-
tion, we will provide simple examples that display the contrast between the
existing literature and our class of models.

There are important differences in implications between our framework
and the existing literature, mainly due to the detailing of fine microstructure
in our work. The reduced forms, such as an exogenous congestion function
(that gives delay time as a function of traffic), used elsewhere are generally
not supported by this microstructure, leading to different results. Our model
employs a microfounded, evolving congestion concept that is suggested by the
transportation engineering literature. Thus, the conditions sufficient for exis-
tence of equilibrium are markedly different. As we shall see in the examples,
it is quite natural to have multiple equilibria in our framework, whereas the
goal of the existing literature is often to prove that equilibrium is unique. Fi-
nally, as we shall illustrate, equilibria in our framework are qualitatively very
different from those derived in the rest of the literature, mainly due to the fine

microstructure.

1.2 Five Related Literatures

Before proceeding to our examples and analysis, we discuss the basic literature
on congestion. We divide this literature into 5 components: the transporta-
tion economics literature, the game-theoretic literature on congestion exter-
nalities, the transportation engineering literature, the mathematics of conser-
vation laws, and the electrical engineering literature on internet congestion.?
We discuss these in turn. Our work is at the junction of all of these literatures.
In contrast with our work, the first two literatures tend not to study dynamic
micro behavior along roads. The second two literatures take individual be-
havior as fixed, so the models are mechanical. The last literature tends not
to examine Nash equilibrium, but rather other positive or normative ideas.
The older literature on transportation economics deals with models with no
time clock or with just one route or bottleneck where traffic queues. Beckmann
et al. (1956) provide a model of rush hour where traffic flows are constant.
They analyze optimum and equilibrium in a stylized model with no explicit
time clock, but with a representative commuter. Vickrey (1963, 1969) pro-

vided the classical analysis of congestion externalities, pricing, and infrastruc-

3These literatures tend not to cite each other, rendering literature reviews labor-intensive

and occasionally puzzling, due to terminological differences.



ture investment. Arnott et al. (1993) examine primarily welfare under various
pricing schemes when there is only one route or bottleneck, but allow elastic
trip demand and use continuous time. Traffic does not slow down due to
congestion, but rather queues at a bottleneck with limited capacity. In their
conclusions (p. 177), they note: “In the context of rush hour traffic conges-
tion, for example, models should be developed which derive hypercongestion
(traffic-jam situations) from driving behavior, solve for equilibrium on a con-
gested network, and account for heterogeneity among users...” This is what
we attempt.

The contemporary literature on transportation economics uses the termi-
nology “dynamic traffic assignment problem” for the kind of model we shall
construct. Merchant and Nemhauser (1978) initiate the modern literature by
proposing a discrete time model with a single destination node where events
in a link of the transport network at a given time, namely the number of cars
entering the link, the cost of traversing the link as a function of traffic, and the
number of cars exiting a link as a function of traffic, are all exogenous black
boxes. They provide an example and examine algorithms for finding a social
optimum. Ross and Yinger (2000) embed a model of point congestion similar
to ours in a classic urban monocentric city model with both land consumption
and a symmetric radial road network. This is similar to a simple network with
only one commuting corridor. Traffic flow is continuous but not necessarily
smooth. They show that the only equilibrium in a general urban equilibrium
version of a commuting model with continuous departure times and flow con-
gestion but no bottlenecks is an unreasonable one with a never ending rush
hour. As we shall explain below, by allowing a large but finite number of de-
parture times and randomizing departures over small intervals between these
discrete departure times, with some effort we can overcome these difficulties.
In our context, traffic flow might not be continuous. Konishi (2004) considers
existence, uniqueness and efficiency of Nash equilibrium primarily in a static
model but also in a discrete time dynamic model with a simple network, em-
ploying Schmeidler’s (1973) theorem? as we do. He uses bottlenecks whereas
we use speed reductions resulting from congestion. Konishi’s work is quite
complementary to ours, as we are not concerned with the issues he addresses,
namely existence of equilibrium in static models with a finite number of com-

muters, conditions sufficient for uniqueness of equilibrium in static models

4To apply Schmeidler’s work to obtain Nash equilibrium in pure strategies, it is important
that the set of pure strategies be finite. In our model, the interpretation is that the set of

departure time strategies is finite.



with a continuum of commuters, and existence and uniqueness of equilibrium
in dynamic models of simple networks with exogenous bottlenecks.

An independent, modern literature in transportation economics examines
necessary conditions at a Nash equilibrium for the dynamic traffic assignment
problem. Heydecker and Addison (2005) consider what happens along a link
as a black box, and derive such a condition. Of course, if such a black box is
made more specific, the necessary condition can be refined. Zhang and Zhang
(2010) use a bottleneck model and obtain a more specialized condition.

In their survey, de Palma and Fosgerau (2011, p. 208) conclude: “The
extension of the dynamic model to large networks remains a difficult problem.
So far, existence and uniqueness of equilibrium have not been established (in
spite of many attempts).”

The game-theoretic literature on externalities, for example Sandholm (2001),
has the potential to be useful in our context. However, the strong symmetry
assumptions used, that yield strong and interesting conclusions, exclude almost
all of the games of interest to us. For example, they exclude the simple special
case of our model where there are two nodes called home and work with one
link between them, but two departure times. Hofbauer and Sandholm (2007)
study congestion games with a continuum of players, but their assumptions on
congestion rule out the type of dynamic micro-interaction along a link that is
the focus of our work. Sandholm (2007) considers an evolutionary approach
to setting optimal tolls in the case where there is a finite number of iden-
tical commuters (so they have the same home and work locations) modified
by an idiosyncratic preference component, without the symmetry assumption
but with further structure on the evolutionary process.” Hu (2010) explores
Nash equilibrium with continuous departures for a single commuting corridor
for one morning rush hour. It is shown that with a specific dynamic for equi-
librium selection, the equilibrium exists and is unique. As we shall illustrate
in the last subsection of the introduction, multiple equilibria are quite natural
in models of commuting.

The transportation engineering literature is naturally concerned more with
practical traffic issues than with the questions we pose; see, for example, Da-
ganzo (2008). Typically this literature takes the behavior of individuals,

namely their choice of routes and departure times, as exogenous. Thus, Nash

°Tt is also interesting to inquire how tolls would be implemented in practice in these
models, since in theory the toll is based on the overall strategy chosen, namely the route
and/or departure time. Would toll booths along the route be able to implement this?



equilibrium is not studied. For example, Zhu and Marcotte (2000) use pre-
determined (exogenous) departure times. The closest relative to our model
in this literature is the cell transmission version of the Lighthill-Whitman-
Richards (LWR) model; see Daganzo (2008) section 4.4.6. There are some
important differences. First, the LWR model takes departures as exogenous
and possibly smooth, whereas we do not. Second, like most models of traffic,
the LWR model employs queues or bottlenecks when there is congestion. In
contrast, we assume that traffic slows as a function of traffic density. These
two important differences express themselves as differences in the equilibrium
behavior of the models.” More recent examples include Han et al (2013)® and
Han et al (2015).

Turning next to the mathematics literature, our mathematical problem on
one link boils down to a conservation law coupled with a discontinuous dif-
ferential equation. Even with just one link between an origin and destination
with exogenous departure times and homogeneous commuters, existence and
uniqueness of the resulting traffic pattern is a difficult question that requires
interesting assumptions and techniques to resolve. A major issue is the exis-
tence and uniqueness of behavior of the system when the initial conditions can
be discontinuous. This is important to us, as we don’t want to place restric-
tions on the joint behavior of individuals when we eventually consider Nash
equilibrium. The mathematics were introduced in Bressan (2000, chapter 6)
and Garavello and Piccoli (2006); that work is based on Bressan (1988) and
Bressan and Shen (1998).° The key paper for our purposes is the seminal

0For example, the first appearance of a utility function in Daganzo (2008) is at the bottom

of p. 315. The body of the book ends at the top of p. 319.
"In other parts of the transportation engineering literature, existence and uniqueness of

Nash equilibrium is studied in the context of a bottleneck model, using an S-shaped wish
curve (defining ideal bottleneck exit times). In these models, it is unclear what happens if
an atom of commuters arrives at the bottleneck at the same time, or if the fragile condition
of an S-shaped wish curve is violated - the complement appears to be open and dense in the

set of wish curves.

8In addition to queues, this work also features a highly non-standard notion of Nash
equilibrium.

9 Although the motivation for Bressan (2000) is the simple traffic problem with one home
location, one work location, and one link, the mathematical problem solved in this book is
different from the economic problem that motivates it. This will cause us some headaches.
In particular, the initial condition used in the book is the traffic at various locations along
the link at time 0, trivially 0 in our model. Traffic is not allowed to enter the link after
time 0. We are much more interested in boundary conditions that, for an arbitrary time,

give the traffic entering a link at location 0. Nevertheless, the mathematics introduced in



work of Strub and Bayen (2006), who remark in their conclusions (p. 564),
“However, results are still lacking in order to generalize our approach to a real
highway network. For such a network, PDEs are coupled through bound-

”10° Once we have

ary conditions, which makes the problem harder to pose.
introduced notation and concepts, we shall remark further on both related
literature in mathematics and alternative approaches to solving the induced

1" An important contribution of Strub and Bayen

mathematical problem.!
(2006) is actually the definition of a solution to the mathematical problem
of determining flow in the one link system with exogenous departures, since
there were issues of either existence or uniqueness with many of the previous
attempts. The technical difficulties in the literature are partly the result of
working with functions of bounded variation with a two dimensional domain:
time and distance. The (discontinuous) conservation law tells us that cars are
not lost over a link, with initial condition zero cars on the link and boundary
conditions corresponding to the departure of cars. The conservation law is
coupled with a (discontinuous) differential equation that gives progress of a
car over the link. An important mathematical problem is relating properties
of functions on two dimensions that are of bounded variation to their variation
on each dimension separately. Part of our mathematical contribution here is
to relate the solution of the conservation law of Strub and Bayen (2006) to a
Carathéodory solution to the discontinuous ordinary differential equation by
applying Biles et al (2014). To accomplish this, we employ techniques initially
developed by Friedrich et al (2018), using properties of the Godunov scheme,
to obtain bounds on total variation of the solution to the conservation law for
each of time and space separately.!?

In the end, we are able to embed the more elementary framework of Strub

and Bayen (2006) in a model with an arbitrary transport network, heteroge-

this book are very useful.
10There are many challenges that we must address to extend their results from one link to

many. For example, it is difficult to prove that the link exit density has the same properties
as the link entry density, that is used as the entry density for another link. A secondary
challenge is that boundary conditions are formulated in terms of density (cars per mile)
when they should be formulated in terms of volume (cars per hour). Although we take the
proper approach for boundary conditions using volume, the technicalities can be simplified

some if we were to use density.
' We note in frustration that much of the literature cited here is motivated by mathematics

rather than economics. Beyond Strub and Bayen (2006), to our knowledge there is no result

that applies directly even to the case of two nodes and one link.
12Since most of the examples of conservation laws come from physics, these results might

also be of use there.



neous commuters and endogenous choice of departure times and routes, exam-
ining Nash equilibrium as well as Pareto optimum. Unfortunately, we cannot
apply their results directly, but must open up the details of their clever proof.

The final literature related to our work is the literature on internet conges-
tion. Although we interpret our model as traffic on roads for consistency of
exposition, it applies as well to packets on links in the internet. A fine survey
of this literature can be found in Jacobsson (2008). Due to the complexity of
the discrete model, a continuous model was developed by Kelly et al (1998),
forming a foundation for our work. Much of the literature has a focus on
exogenous departures and routes, not Nash equilibrium. Other parts of the
literature, such as Kelly et al (1998), focus on steady states of the dynamic
model with congestion pricing, or what we call a static model with congestion
pricing. There is likely an unexplored relationship with potential games, as

represented for example by Sandholm (2007).

1.3 Preview

In summary, the main difference between our work and most of the literature
is that we use the fine microstructure from transportation engineering and the
mathematics of conservation laws to address more macro economic questions.
We do not use exogenous departure and route choices, nor do we employ
bottlenecks or queues. Instead we allow endogenous choice of departure times
and routes, but require that traffic slow down as a function of endogenous
congestion on an arbitrary transportation network. To our knowledge, this
represents a new class of models of commuting that has fewer black boxes (such
as delay functions in the standard literature) and, more importantly, different
properties compared with others.

Although the notation used to describe the models formally is burdensome,
we will give examples and intuition for the results in addition to the techni-
calities. We formulate both a static model, where time plays no role, and a
dynamic model, where it does play a role. We assume that commuters have
an inelastic demand for one trip per day to work. Future work should extend
this to elastic demand.

Our results and the outline of the balance of the paper are as follows.
Although classical results concerning Nash equilibrium and Pareto optimum
are replicated in our context, we highlight novelties. In the next subsection
of the introduction, we detail and preview our results with minimal notation

by using the simplest example, a network with two nodes and one link where



all commuters live at one node and commute to their jobs at the other. In
Section 2, we give our notation and specify the general static (timeless) and
dynamic models. At this point, we prove classical results in our context, but
also find assumptions sufficient for existence of a unique flow of traffic across
links over time given a set of boundary conditions (corresponding to a fixed
strategy profile) in the dynamic model. Moving on to Nash equilibrium, we
find conditions sufficient to prove it exists, and show that it is generally not
unique. Section 3 gives our applications. First, we show that the static
model cannot be viewed as a reduced form of the dynamic model, where time
is explicit. Then we study the welfare properties of Nash equilibrium in the
context of a tree network in the dynamic model. Nash equilibrium of the
morning commute will generally be inefficient, whereas there exists a Nash
equilibrium of the evening commute that is efficient. Finally, Section 4 gives

our conclusions. All proofs are contained in an Appendix.

1.4 Example
1.4.1 Owur Basic Model

We begin with a simple example to illustrate how the model works and the
intuition behind our results. Consider commuters uniformly distributed on
the interval [0, 1] with nodes 1 and 2. Each commuter commutes from node 1
to node 2 each day. For simplicity, we consider only the morning rush hour at
this juncture. Denote the capacity of the link by € R,. Suppose that the
time it takes to travel the link at the speed limit is ¢(1,2) = 1. In the static
model, the travel time is given by 1 if the average number of travellers does not
exceed capacity x of the road, and by % otherwise. This means that if road
link capacity is exceeded, then traffic slows down in proportion to the ratio of
excess commuters to capacity, max{1, %} For example, if x = 1/2, then the
travel time for a commuter on the link is 2. There really are no choices here
for the commuters or a social planner optimizing efficiency, since the route is
fixed and the model is static; there are no departure times to be chosen.

Now consider a dynamic version of the model. Route choice is still fixed,
but departure (and consequent arrival) times are a choice variable of the com-
muters. We model departure times in R, and we call the required arrival
time at the destination node 2 (say 9 AM) 74 € R,. There is no penalty for
arriving at work early, but the penalty for arriving at work late is co. This

is mainly for illustration. We shall consider more general penalties for both



early and late arrival in the remaining sections. They add some complications.

Again, in this simple model there is no route choice. But there is a choice of
departure time. First, we illustrate how, for any choice of departure times by
all commuters, the travel time to the destination node 2 can be computed. It is
assumed that the latter is minimized by each individual commuter at a Nash
equilibrium (given the choices of others), and the social planner maximizes
a utilitarian welfare function that is minus the integral of commuting times
subject to the arrival constraint.

The speed of a particular cohort of commuters who depart at the same time
is computed as follows. Begin with the local density of commuters on the road
at a particular place on the route and at a particular time. This local density
at a given place and time is computed as the limit of neighborhoods on the
road of total (measure of) commuters in the neighborhood divided by the one
dimensional size of that neighborhood. The limit is taken as the length of the
neighborhood goes to zero. The result will be the density of commuters (with
respect to distance) at that place and time. Then, as in the static model,
traffic slows down in proportion to the ratio of excess commuter density to
capacity.

An example will help illustrate. Again consider the commuters uniformly
distributed on [0,1]. Suppose that all the commuters at 0 depart at time 0,
all the commuters at 1 depart at time 1, and so forth. Set the arrival time
74 = 2. We compute traffic speeds (in this case, the arrival time constraint
will not bind). With these departure times, when road capacity is high so
that x > 1, then capacity does not bind. The unit interval of commuters
moves from origin to destination at full speed and perfect synchrony, and the
local density of traffic is always 1 except for commuters with labels 0 and 1.
The density around them is % since there is nobody on one side of them (for
example the commuters with label 0 have nobody in front of them). But this
does not alter their speed, since they are already at the speed limit. In theory,
at least, commuters can catch up with those ahead of them (if the ones ahead
are travelling slower) and slow themselves down.

What if x < 1?7 We consider two simple patterns. First, suppose that
commuters depart exactly as in the preceding paragraph. Set the arrival time
4 = % + 1. Traffic slows down by a factor of % relative to the no congestion
3

case; thus, traffic speed for the commuters is uniform at z.'* It takes % time

13Sharp readers will notice that the density in front of the commuters departing at time

0 is 0. But such commuters represent a set of measure 0.

10



to traverse the link, so the last commuters (labelled 1) reach the destination
at % + 1. The local density of commuters is 1 during the commute. Call this
the congested commuting pattern.

Now consider the same general departure pattern as in the preceding para-
graph, but with commuters labelled 0 beginning travel at time 0, whereas
commuters labelled 1 begin their trip at time % So the density of commuters
departing at any time is . Set the arrival time 74 = %—l—l. Since local density
is the same as capacity, all commuters travel at the speed limit. Thus, travel
time for all commuters is 1. Call this the uncongested commuting pattern.

These two simple commuting patterns, or strategy profiles, serve to il-
lustrate the computation of local density and speed. Of course, the local
density and speed calculations can be much more complicated in, for example,
more intricate commuting networks or for more intricate departure patterns.
The simple patterns also serve to illustrate the important role played by ar-
rival time. It is rather evident that for the fixed arrival time as specified
at 74 = % + 1, these strategy profiles are Nash equilibria. Notice that all
commuters reach work by the arrival time 74 for either pattern, but travel
time is longer for the congested commuting pattern. Thus, welfare can differ
across dynamic commuting patterns even for this simple example. It is evi-
dent that the uncongested commuting pattern Pareto dominates the congested

commuting pattern.

1.4.2 The Classical Model with Queues

A crucial comparison is between our model, with endogenous congestion and
speed, and the classical models of the literature that use queues. We argue
that the equilibrium (or even disequilibrium) behavior of our model is different
and much more realistic, illustrated as follows.

First, consider the model detailed previously. For the purpose of com-
parison, modify the simple example that we have used by setting uncongested
travel time ¢(1,2) = %, arrival time 74 = 2, and capacity v = % In this
case, the uncongested commuting pattern has departure times uniformly dis-
tributed over [0,2] with density 1. The time cost is § for each commuter, but
the commuter departing at time 2 arrives late, so this pattern will not be an
equilibrium pattern. For the congested commuting pattern, departure times
are uniformly distributed over [0, 1] with density 1, so it takes each commuter
time 1 to traverse the link. Thus, the last commuter arrives at time 2, and the

congested commuting pattern remains an equilibrium in the modified example.
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We turn next to a model with queuing. There are many variations on the
bottleneck model, particularly in continuous time. For example, Arnott et
al. (1993) assume that it takes no time to get from home to a bottleneck, and
that after exiting the bottleneck, the commuter immediately arrives at work.
The variation we use is closer to our model, and is due to Zhang and Zhang
(2010). A link consists of two parts, a main body first and then a queue at the
end. The main body has infinite capacity so traffic flows at the speed limit
independent of any congestion. The queue or bottleneck at the end of the
main body operates with limited capacity, using a first-in-first-out principle.
For our particular example, it takes time % for any commuter to traverse the
main body (independent of congestion), and the queue allows density % to exit
the queue at any given time.

What does Nash equilibrium with a queue look like for this example?
Everyone leaves as soon as possible (at time 0), arrives at the bottleneck at
time %, and the last commuter leaves the bottleneck at time g, late for work.
Here, we assume that if everyone arrives at the bottleneck at the same time, the
order in which they proceed is random. This equilibrium does not resemble

at all the one obtained using our model of endogenous congestion.

1.4.3 Comparison of the Static and Dynamic Models

Consider next the comparison of the static with the dynamic model. =~ We
return to the simple, basic example used at the beginning of this subsection
where uncongested travel time is ¢(1,2) = 1. The first pattern, the congested
commuting pattern, we study for the case r < 1 seems to be the analog of
the static case, since traffic speed is constricted. But the second, uncongested
pattern does not seem to have an analog. Thus, the static and dynamic models
have different Nash equilibrium predictions. Moreover, if the dynamic analog
of the static equilibrium is the congested commuting pattern, it is Pareto
dominated by another pattern present in the dynamic model but disallowed
by the static model.

In fact, we can say more. For example, even in the case where the equi-
libria of the static and dynamic models appear to be the same, if we average
congestion for the dynamic model over time and distances on the link, many
times and distances have zero commuters and zero congestion. For instance,
this happens at distances along the link in our example that the first com-
muters have not yet reached. So aggregating the equilibrium of the dynamic

model this way will not generate the static model equilibrium, since the flows

12



in the dynamic model will appear diluted.

An alternative criterion for comparing the static and dynamic model equi-
libria is to ask that there be at least one time and a distance along each link
such that the equilibrium flows of the models are the same. An example rel-
evant to this idea is to use three identical links in series, so that at any given
time in equilibrium commuters in the dynamic model are on at most two of the
links, unless the links are operating below capacity. Then there is no time at
which the flows on all three links are non-zero simultaneously. In section 3.1
below, we describe how to extend this example so that there is no equilibrium
of the dynamic model even remotely resembling the equilibrium of the static
model.

With the model specified as we have outlined, generally a Nash equilibrium
in pure strategies or an optimum might not exist. So in what follows, for
the dynamic model, we must simplify the problem. This is accomplished
by using a fixed, finite set of possible departure times that divide equally
the time scale in the model. =~ When commuters choose a departure time,
they are distributed uniformly over the interval with midpoint their chosen
departure time, and length equal to the distance between allowable departure
times. With this structure, a Nash equilibrium in pure strategies and an
optimum exist. Moreover, for our example, the congested and uncongested
commuting patterns we have specified are Nash equilibria of the model, and
the uncongested commuting pattern is Pareto optimal. Notice that in this
simple example, there is a Nash equilibrium that is Pareto optimal. This will
be generalized in Section 3.2.

What follows below just makes the ideas behind our simple examples for-
mal and general, for instance allowing an arbitrary commuting network where

commuters have various different origins and destinations.

2 The Commuting Model

Readers who wish to understand the content of the work through examples only

can focus on FExamples 1-4 below and then skip to section 4.

2.1 The Static Model: Equilibrium and Optimum

Here we lay out the details of a game with an atomless measure space (con-

tinuum) of players; a finite set of nodes at which the players live, or to which

13



they commute, or through which they commute; and a finite set of transport
links between the nodes with exogenous capacity.

To begin, the measure space of commuters is given by (C,C, 1) where C is
the set of commuters, C is a g-algebra on C, and p is a positive, non-atomic
measure.'*1> 'We assume that singletons of the form {c} for ¢ € C are in C;
that for all c € C, p({c}) = 0; and 0 < u(C) < oco.

The origins and destinations in the commuting network are given by a
finite set of nodes, denoted by m,n =1,2,..N. Let N'={1,2,...., N}. The
commuting network itself is given by a finite set of links between nodes. The
capacity of any direct link (with no intermediate nodes) between nodes m and
n is given by Z,,, € [0, o], whereas x,, = co. If a direct link between nodes
m and n does not exist, then x,,, = 0.

What remains is to specify the strategies and payoffs of the commuters.
In the static game, there is no choice of time of departure or arrival. There
is only route choice. We assume that each commuter has a fixed origin node
and a fixed destination node, with inelastic demand for exactly one trip be-
tween the origin and destination. Thus, there is an exogenous, measurable
origin map O : C — N and an exogenous, measurable destination map D :
C — N. Notice that there can be heterogeneity among commuters in origins
and destinations. This will create heterogeneity in the reduced form utility
functions of the commuters.

Let 7 be the map that projects a vector onto its coordinate k. A route,
denoted by r, is a vector of integer length [ no less than 2. Next we define the

set of all routes, R:

R = {7“ e N | fori=1,2,...,1 — Ly (rymiga (r) > 0}
U=
=2

To avoid trivial situations, we assume that if there is a positive measure

R

of commuters with a particular origin and destination, that there is some

14 Skorokhod’s theorem implies that we could without loss of generality restrict attention

to the unit interval with Lebesgue measure.
15Evidently, the model proposed here runs into issues of measurability and the law of

large numbers for a continuum of i.i.d. random variables; see for example Al-Najjar (2004)
and its references. It would be possible to rephrase this work in terms of a finite number
of commuters, but at the cost of much more complicated notation and analysis. Moreover,
such a change would negate the advantages of continuous flow models. As discussed in
the introduction, both the commuting and internet literatures moved in this direction many

years ago for tractability reasons.
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route between the nodes. A commuting length map is a measurable map
[:C —{2,3,...}. A commuting route structure is a pair (I, R) where [ is a
commuting length map and R is a measurable map R : C — N such that for
i=1,2,...,1 = 1, Zn(iyn(i+1) > 0, and almost surely for ¢ € C, m1(R(c)) = O(c)
and ) (R(c)) = D(c).

Given a commuting route structure (I, R), its flow f € Rf is given by
fm,n) = pu({c € C | Ik € {1,2,...,1(c) — 1} with 7(R(c)) = m and
Trr1(R(c)) = n}) for myn = 1,2,..N. We assume that the length of the
link between nodes m and n is A(m,n) > 0 for m,n = 1,2,...N. If the link
is congested, then the travel time increases. For our examples, it increases in
proportion to the excess of commuters above capacity, max {1, %}“’ For
instance, if the number of commuters is twice the capacity of a link, then the
travel time is doubled. We ask that the reader bear this special case in mind,
since we use it in all of our examples to give concrete intuition.

More generally, we can allow traffic to slow down according to any well-
behaved function of the number of commuters at a distance on a link and link
capacity. Therefore, we specify the function v : R, xRy — R, where v (f, )
is the speed of traffic with density f on a link with capacity x. We assume
that for fixed x, v is continuous and non-increasing in f. For our examples,
v(f,x) = min{?, 1}.

The time cost of a commuting structure (1, R) for commuter c is
(1, R, c) = (1)

A(mn (1)), Tn i1 (R(€)))
v (f(ma(R(€)), mni1(R(c))), 2(mn(R(c)), mni1(R(c))))

I(c)—1

—_

n=

Thus, —6 is the objective or payoff function for each commuter. The utilitarian

welfare function for the static model is

U(l,R) = —/CQ(Z,R, c)du(c)

16There is an issue of normalization here, namely whether f is divided by A or not. In
essence, it depends on whether a link that is twice as long is half as congested for the same
number of commuters on the link. This depends on the interpretation of the static model,
whether congestion is viewed as a pulse of commuters or whether they are uniformly spread
out over the link. In this paper, we take the view that in the model without time, twice as
many commuters on a link results in twice the congestion, no matter the length of the link.
However, if one takes the view that length of the link matters, the result is simply division
of our f by A, and this makes no essential difference in the the results we obtain. As we

show in Section 3.1, interpretation of the static model is difficult.
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A Nash equilibrium of the static model is a commuting structure (I, R) such
that almost surely for ¢ € C, there is no route r of length v for commuter ¢
such that

< A(mn (B(€)), Tnia (R(c)))

b1, R,c) > Z 0 () s (1) 2 (1) T (7))

n

Existence of Nash equilibrium in pure strategies can be proved by applying
Schmeidler (1973, Theorems 1 and 2). Rosenthal (1973) proves that a Nash
equilibrium in pure strategies exists even when there is a finite number of
commuters. Sandholm (2001) shows that equilibrium exists and is unique
under additional conditions, primarily that speed is strictly decreasing in link
usage f.

Next we prove (informally) that an optimum exists. The problem can
easily be reduced to optimization of the utilitarian welfare function over a
compact set as follows. Notice first that there is a finite number of types of
commuters, defined by their origin-destination pairs. Instead of using route
choice for each commuter, employ as control variables the measure of each
type following each route. Thus, the social planner controls a finite number
of variables in a compact set using a continuous objective, so a maximum is
attained.

Ezxample 1: We note that due to the congestion externality, the Nash equi-
libria are unlikely to be Pareto (or utilitarian) optimal. To see this informally,
consider an example with 3 nodes. All commuters travel between nodes 1 and
3. There is a direct route, and an alternate route that runs via node 2; see
Figure 1. The alternate route takes longer than the direct route for each fixed
number of commuters below capacity because it requires a longer distance of
travel. For example, each road has capacity 1 and takes 1 unit of time to cross
when running below capacity, so the longer route uses 2 units of time when
running below capacity, whereas the shorter route takes 1 unit of time when

running below capacity.

/ N\

1 - — -3

Figure 1: Nash equilibrium is not Pareto optimal
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Suppose that there is measure g of commuters. A Nash equilibrium of this
model has the direct route running above capacity, with measure 2 commuters
using it for a total travel time of 2, and the indirect route running below
capacity (.5 measure, with a total travel time of 2) such that the travel time
to work for each commuter is the same. To create a Pareto improvement over
the Nash equilibrium, simply move some commuters (say measure .5) from the
direct to the indirect route. The travel time on the indirect route (namely 2)
is the same as at the Nash equilibrium, even for the commuters switched to
that route, whereas the travel time for those on the direct route decreases (to
1.5).

2.2 The Dynamic Model: Equilibrium and Optimum

The basics of the dynamic model are the same as those for the static model.
To differentiate the notation, we will add “dynamic” to the names and add
time 7 as an argument of functions. In the dynamic model, each commuter
chooses both a departure time (from their origin node) and a route. Routes
were discussed in the previous subsection. We allow a commuter to depart at
any time 7¢ € [0,T]. As we shall see shortly, it is important that this set be
bounded.

A dynamic commuting route structure is a triple (74,1, R) where 7¢: C' —
[0, 7] is a measurable function giving departure times for all commuters, [ is
a commuting length map and R is a measurable map R : C' — N such that
almost surely for ¢ € C, m(R(c)) = O(c) and 7y (R(c)) = D(c).

At this juncture, there is an issue concerning the detail in which we model
congestion on each link in the dynamic model. It varies in the literature
we have cited. The simplest way to model this is to look only at average
congestion on a link. More complicated is to assume that as traffic ebbs and
flows, the congestion at the end of the link determines traffic speed on the
entire link. The most detailed model allows cars to catch up with each other
over the course of a link. We use this most detailed model, but assume that
link capacity is constant across the link. This is without loss of generality,
provided that capacity changes only a finite number of times on a link. In
that case, we just add more nodes and links with different capacities in series.

We shall define commuter progress from origin to destination through a
differential equation in distance. But first we must define progress on each
component of a route in a dynamic route structure. Fix a dynamic route

structure (7,1, R). The basic idea is this. From departure time to the end
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of the first link, we follow the differential equation for congestion for the first
link, and then begin on the second link, and so forth. A crucial assumption
made here and in most of the literatures we cite is that cars cannot pass. For
notational simplicity, for ¢ = 1,...,1(c), define 7;(c) to be the time that node
mi(R(c)) is reached. Evidently, 7,(c) = 7%(c).

Given a dynamic commuting route structure (7%,1, R), we shall associate
with it a function d,,,(7,(c), 7) that gives as its value the distance travelled
on link mn by commuter ¢ at time 7 who begins travel on link mn at time
Tm ()17

but decreasing in its first argument. Does such a function exist, and is it

In the end, this function will be increasing in its second argument

unique? Fix such a function ¢,,,. To ease notation, compute inductively

Tis1(c) = If {7 > 0] O, (Rie)ymisn (Rie) (Ti(€), T') = A(mi(R(c)), misa (R(0))}
(2)
Then we can compute its flow at time 7 on link mn at distance A, called
FoN?x R2 — R;, and written as Flm,n,7,A).18 Tt is the density of
commuters (per unit distance) at time 7 and at distance A along link mn,
and it is given by the (possibly discontinuous) partial differential equation or
conservation law:

-~ ~

0f(m.n.7.8) | 9%(f(m.n.7.A))
ot 0A

=0 (3)

where
d(m,n,7,A) =v <]?(m, n,7,A), xmn) . ]?(m, n, 7, A) (4)

is defined to be the fluz.!® The flux is the volume of commuters passing
through a point per unit of time. We abuse notation slightly and sometimes

write
(I)mn(f) =V (fa xmn) : f

For our example, note that ®,,,, = min {z,,,, f}.

Equation (3) is actually the fundamental conservation law of transportation
economics applied to this model. As explained in Bressan (2000, equation 1.2),
if we fix an interval of locations on a link, the measure of commuters inside

this interval can only change over time from inflows into the interval from the

I7A formal definition of this function will be given in (6) below.

18In terms of notation, f will be a scalar representing an arbitrary value of the flow,
whereas fis a flow function.

9The literatures we have cited use inconsistent definitions for the terms “flow” and “flux”

in this context. Here we are using definitions from the mathematics of conservation laws.
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left and outflows from the interval to the right. Another interpretation of
equation (3) states that the change with respect to time in commuter density
at a given place and time can be found by looking at the change in the flux
(commuters per hour) at preceding locations nearby.

Next we compute

agmn(’g:(c)’ T) = <f(m, n, T,gmn(Tm(c)v T))’ xm”) (5)

This describes the progress made by commuters on each link of the entire
dynamic commuting route structure for any time 7. Equation (5) is the
coupled discontinuous differential equation discussed in the introduction.

Unfortunately, the coupled system defining f and 9, namely (2), (3), and
(5), is technically challenging. The reason is that we cannot restrict 7¢, the
function defining the departure strategies of players, beyond assuming that it
is a measurable function. Each individual makes a choice, and this is not
necessarily coordinated. Discontinuities in departure flows or densities can
result in discontinuities in 83,”” /Ot that rule out our ability to use standard
techniques from the theory of ordinary differential equations as well as the
contraction mapping theorem. Instead, we use Biles et al (2014).

Even if we can retrieve a well-defined gmn for each 77 function, the issue
then becomes the fact that there might not exist a Nash equilibrium in pure
strategies, since the space of pure strategies is a continuum. Schmeidler (1973)
relies heavily on the fact that the number of pure strategies available to players
is finite.

We address the problems of discontinuities in boundary conditions and an
infinite number of strategies at once by simplifying the dynamic model. Fix
7 where T'/T is an even integer, and define the departure strategy space to
be {7,37,...,(T'/T — 1)7}. This makes the strategy space finite. We assume
that all the commuters who choose, say, 7 will be randomly and uniformly
distributed on (0, 27), those who choose the strategy 37 will be randomly and
uniformly distributed on (27,47), and so forth. The examples in the intro-
duction and that follow below fit this framework because they use a uniform
distribution of departure times. We view 7 as a commuter’s intended depar-
ture time, where the actual departure time is the intended time plus a small
random variable. The constant 7 can be small.

Having addressed these initial challenges, we come upon another that is
generated by the mathematics of conservation laws. Consider the simple

one link model used in the introduction where link capacity is 1; the cohort
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departing at times (0, 27) has low density, say 1/2, and hence high speed; and
the cohort departing at times (27,47) has high density, say 3/2. Common
sense and observation of the real world says that the first cohort will begin at
high speed whereas the second cohort will begin at lower speed. A distance gap
with no commuters will form between them and expand along the link. This
is not only the common sense solution, but will also obtain in the solution
proposed in the literature if there is an ¢ > 0 start time gap between the
cohorts.

Surprisingly and unfortunately, that is not the solution in the case where
there is no such starting time gap. The solution in this case involves the
initiation of a third step between the first two, with further step initiation
possibly following. There is no distance gap between the cohorts. This can
be found in unnumbered equations in Bressan (2000, p. 110, Case 2) and
Strub and Bayen (2006, p. 559). More detail can be found in Section 4.5
of Bressan (2000), in particular Figure 4.5 and especially Figure 4.6. Thus,
there is a discontinuity in the solution along a link as ¢ — 0. Since we do not
consider the solution at ¢ = 0 to be the right one, we are forced to take limits
of solutions as ¢ — 0.

It should be obvious by now that we cannot simply apply the LWR model,
that relies on the mathematics of conservation laws, as suggested in the trans-
portation engineering literature.

We begin by giving the intuition for speed calculations, and then provide a
formal proof of existence and uniqueness of the function f, from which every-
thing else can be calculated. For example, 857% /OT can be calculated from
(5) once ¥ is known.

For speed calculations, it is useful to define some concepts. A threshold is
a location on the network where the speed of commuters is different on the two
sides of the threshold at a given time. An important example of a threshold is
a node. Of course, a node is a form of a stationary threshold, since it doesn’t
move over time. Next we will investigate thresholds that move, appear and
disappear. An example of a threshold of this type is the boundary between
two cohorts, where a cohort is defined as a group of commuters with the same
route and departure time choices.

Fix a dynamic commuting route structure (7%, 1, R). Let 7%(c,7') = 7%(c)+
7', where 7’ is a random variable uniformly distributed on (—7,7), denote the
actual departure time of commuter ¢, that differs from the chosen departure

time 7¢(c) by at most 7 as described just above. To reduce the notational
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burden, we shall generally suppress the second argument (7') in any function
7. Then 71(c) = 7%(c). In general, given 7;, we will define inductively 7.
Fix any origin node m and destination node n # m. On each segment mn,

define a set of commuters who travel together on link mn as:
amn(c) = {c € C | () = 7%(c); for some i < (c),

) =
m(R(¢) = m(R(c)),-., mioa(R(e)) = mia (R(<));
(€) = mi- ( () = m, mi(R(c)) = m(R(c)) = n}

Assume for now that ®,,, is strictly increasing in f. Then the default speed

mi1(R

for commuter c is given by

Spn(c) =v ((I)mh (1(cmn(c))/27) ,fli'mn)

The appearance of @, ! here will be discussed in detail in Remark 6 below.
At this point, it is useful simply to note that we must translate departure
volume (cars per hour) to departure density (cars per mile). The literatures
we have surveyed do not account for this.

The default speed might be counterfactual, but it is a useful construct.
At the default speed, intervals of commuters never overlap with each other.
When they never overlap, the time on this link is exactly A(m,n)/Syn(c), so
Tir1(c) = Ti(c) + AN(m,n)/Spmn(c). Similarly, §,,,(Ti(c), 7) = Spn(c) - [T —Ti(c)]
where 7;(R(c)) = m. But there are two other possibilities beyond this first
case. The second case is when commuters using different routes blend with
each other or separate beginning at a node; this is actually a generalization
of the concept of default speed. The third case is if a segment of commuters
catches up with another along a link. We consider each of these in turn.

The second case that is possible in the model is when commuters using
different routes blend or separate at a node. For the case where they separate,
if they are not combined with commuters using other routes, they move at the
default speed on the link. But this is just to give intuition. Formally, defining

the set of commuters approaching link mn from link m’m at the same time:

Vot (€,€) = {c" € C | 0 (Tj-1(), Til€)) € (A( m) — €, A(m’,m));
mi(R(c)) = m, mip(R(c)) =
7 (R(")) = m, 71 (R(¢) = n and 7,1 (R(c)) = m' }

The speed of commuters is given by:

e—0 €

Sro(c)=wv ( lim w + &1 (1u(amn(c))/27) ,xmn>
Zm
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Provided that they don’t catch up with anyone else, their time on the link is ex-
actly A(m,n) /S, (c),s0Tit1(c) = Ti(c)+A(m,n)/ Sk, (c) whereas 0,,,(T;(c), ) =
Smn(c) - [T — Ti(c)] where m;(R(c)) = m. This is actually the most general
form of the speed and time functions.

On each segment mn, we say that commuter c catches up with commuter

c on link mn if

7i(d) <7ilc)
A(m,n)
S:;”m<c) - S;'krm(cl)

The slower commuter, who is unaffected, continues on at the same speed as

<F(e) ~ 75(¢)

before the faster one catches them. If commuter ¢ catches up with commuter
¢ on link mn, define the catch up®® time, for m;(R(c)) = m;(R(c)) = m,
Tiv1(R(c)) = mip1(R()) = n, as 7° = T;(c) + S"’gﬂiizgigjd(;/)] At the first
time when a member of one cohort (defined above) catches up with a member

of another cohort along a link, a new threshold is created at this time and
distance. As it crosses the threshold, the traffic in the faster cohort slows down
to the speed of the cohort immediately in front of them by increasing its density
at the threshold to match that in the slower cohort. Thus, for all ¢’ € C' with
m(R() = m, Tt (R(E) = n, then Py (¢/) = 7° + 2o Go)
whereas 0., (Tk("), 7) = Opn(Ti(c), 7*) + [ — 7*] - Sk, () for all 7 > 7* on
this link.

To abbreviate notation, let f(m,n,r, A)” = lim,_ f(m,n,T, A —€) and

-~ ~

f(m,n,7,A)" =lim._q f(m,n, 7, A+¢€). A threshold on link mn is defined by

(1,A) € [0,T] x [0, \(m,n)] such that f(m,n,7,A)" # f(m,n,7,A)*. The
threshold itself moves along the link at speed

R f(m, n,7,A)” v (f(m,n,T, A)*>
v (f(m,n,T,A)+> — ]?(m, A .

We shall remark on this further after a formal statement of the first result.
To prepare for this first result, let us make explicit the assumptions we will

use.

Assumption 1: For each fixed Ty, speed 0 < v (f,Zpy) < 00 is Lipschitz

continuous and non-increasing in f.

20 Also known as ketchup.
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Assumption 1 means that car speed with no congestion is bounded, speed
is a continuous (though not necessarily smooth) function of congestion, and
speed does not increase with more cars. As an alternative to assuming that v
is Lipschitz, we could directly assume that & is Lipschitz, as that is what we
use. But since both f and v are bounded (see below after Assumption 2), v
Lipschitz implies that ® is Lipschitz.

Next, we need some preparation for Assumption 2. Eventually, we will
need a bound on the total variation of boundary conditions at the start of a
link that is uniform across links. The purpose is to have a compact space
that we will use to find a fixed point. A sufficient (and weakly necessary)
condition is a hierarchy of links that we will specify next. Let the set of
links?! be denoted by:

L={(mn)eN xN|m#n}

We postulate a complete preorder on £ denoted by >, with its asymmetric
part denoted by >. Recall that R is the set of all possible routes. Next, we
shall restrict routes to R CR. For [ =2,3,..., N, define

R' =
{re® | Foralli=23,..,1—1, (m(r), ms1(r)) = (i1 (r), m(r)), mi(r) # m;(r) for i # j}

Assumption 2: Routes r are restricted to:**

N
rGREURl

=2

There are two pieces to this assumption. First, we have restricted route
length to N or less. In fact, all that is needed is a finite upper bound on
route length. We choose N for simplicity. The assumption that nodes are not
repeated along a route makes indexing progress along the route easy. These
assumptions are made mainly to keep notation simple.

The second piece is more interesting. Let us begin with the mathematics.

The purpose of this assumption is to provide a uniform upper bound on total

21 Also known as genus lynx.
22 Technically, Assumption 2 means that a dynamic route structure is restricted: R(c) € R

almost surely.
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variation (across time) of boundary or entry conditions for the node at the
start of a link. Without this upper bound, we lose both compactness of the
space of initial conditions and the ability to solve the differential equation (5).
We need compactness for a fixed point theorem, and the ability to solve the
differential equation in order to compute travel times and payoffs.

To obtain such an upper bound, we must examine behavior when cohorts
merge at a node and travel the next link together. Variation in density in
one cohort can be transmitted to the other at the initial node. For example,
consider two cohorts that merge at a node. If one has a constant entry density
over time, but the other has either an increase or decrease in entry density,
the density of the first cohort will generally not be constant once it enters the
link. Thus, total variation can build up. Even if commuters don’t travel in
circles, the variation that is transmitted can build up along links that form a
closed loop. So to prevent this, we impose a hierarchy on links.

Turning next to the economics of this assumption, it means that commuters
(or packets for the internet) must not be travelling on links that form circles.
However, travel in opposite directions on links or routes is fine; in fact, this is
common for both the internet and commuting applications. For example, if
there is a central business district, then one way to satisfy the assumption is to
have commuters from each suburb travel towards it during morning rush hour
and away from it in the evenings. Circular roads or links forming a circle are
also fine, as long as the circle is not completed by overlapping commuters. In
the context of the internet, the assumption provides a warning concerning the
potential build up of total variation in circles on the internet, even if no set
of packets travels in a circle, due to the transmission of total variation across
cohorts that travel the same link at the same time.

All of our examples (including directed trees of various sorts used in section
3.2) satisfy this assumption.

Turning next to analysis of the system, there are two immediate, use-
ful consequences of bounding the commuting route length by N. First, the
set of routes that are possible for a commuter to choose, henceforth called
R, is finite. Second, we can examine bounds on our endogenous function
f(m, n,7,A). Evidently, ]/"\(m7 n,7,A) > 0. Now consider upper bounds.
An upper bound for departure density is @1 (%?) But it is useful to have
a uniform bound on density beyond departure density. As we have seen, when
one cohort of commuters catches up with a slower cohort ahead of it, this co-

hort of commuters slows down by building up density so it is the same as that
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of the slower cohort. Thus, this does not change the upper bound on density.
Where density can build up is at nodes, where cohorts can combine. It is
important to note also that boundary conditions at the origin of any route are
stated in terms of volume (cars per hour) rather than density (cars per mile).
Thus, an upper bound on endogenous density is given by the maximal density:
f =N - max,,, ®,! (M>

mn \ 27

Definition: Let t be an upper bound on the time it will take until the last

commuter reaches the end of their route:

t=T+ N- max M
mneN, m#n | v (f7 xmn)

This time will be finite as long as v > 0.

At this point, there is an important but technical issue that must be ad-
dressed. We shall use Schauder’s theorem?® to show that for any choice of
strategies by commuters, namely the choice of route and departure time for
each, the flow on each link of commuters in space and time as well as total
commuting time are well-defined, namely such a flow exists and is unique.
This requires some continuity of commuting times in initial conditions on a
link. Moreover, we employ Schmeidler’s theorem to prove existence of Nash
equilibrium for the dynamic commuting game. One of the requirements of
Schmeidler’s results is that utility is continuous (in the weak topology on L')
in the strategy profile of all commuters. For the dynamic model as stated,
there is an important type of discontinuity that must be addressed.

The discontinuity is related to moving thresholds. In particular, if a thresh-
old moves backward through a node, a discontinuity in commuting times and

payoffs can result. Consider the following example represented in Figure 1:

C

N
D

Figure 2: A discontinuity

23See Smart (1974).

25



Traffic moves from left to right, with origin at node A through a node
represented by B. After passing through the node, some traffic heads up and
to the right on route ABC, whereas other traffic heads down and to the right
on route ABD. Suppose that after passing through node B, traffic heading
down and to the right on route ABD flows at high speed, and this traffic
volume is steady. Suppose further that a large, slow cohort passes through
the node and heads up and to the right on route ABC, but is followed along
the same route by a faster cohort that catches up to the slower one along the
upper right link BC, after node B. Thus, a threshold is formed and the faster
cohort slows down to match the speed and density of the slower one. If the
volume of this faster cohort is so large that the threshold?* backs up along the
upper right link BC' and through node B to the left link AB, we claim that a
discontinuity in the speed and payoffs of traffic heading down and to the right
on route ABD can occur. The speed of the steady traffic heading down and
to the right is reduced to the speed of traffic at the threshold, thus increasing
in a discrete manner its density and the time needed to travel the link down
and to the right, BD. This can happen despite the fact that much of the
traffic on the first link AB proceeds up and to the right, because the density of
traffic using the lower link BD jumps up when the threshold passes backward
through node B to the left link AB.

A sufficient (but not necessary) condition to prevent this type of disconti-
nuity would be one that prevents thresholds from moving backwards, whether

through a node or not. Thus, we assume:
Assumption 3: ®,,,(f) is a non-decreasing function of f.

This assumption prevents thresholds from moving backwards, because it
says that the volume of consumers moving past a given point will not decrease
if density goes up. The direction of movement of thresholds is governed by
local volume (cars per unit time), not by local density (cars per unit distance).
With this additional assumption to address the discontinuity, commuting times
and payoff functions will be shown to be continuous in strategies.

For our examples, note that ®,,,(f) = min {x,,,, f} satisfies this assump-
tion.

In this framework, when density f increases, v( f) weakly decreases whereas
®,,,(f) weakly increases. Thus, speed and volume are (weakly) monotoni-

cally related. This rules out some interesting cases of hypercongestion, where

24 Notice that the cars themselves always have positive speed.
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there are multiple speeds that will accommodate the same volume. Although
it is more complicated, we conjecture that an extension of the model could
accommodate these cases by eliminating Assumption 3 and allowing payoff
discontinuities at nodes using the following technique. Strub and Bayen (2006)
allow a boundary condition at the end of a link as well as the beginning of a
link, and this can combined with Khan’s (1989) generalization of Schmeidler
(1973) to upper semicontinuous payoff functions to obtain existence of Nash
equilibrium. However, as Strub and Bayen (2006, section 2) note, boundary
conditions on both ends of a link can cause inconsistencies in the flow on a link,
and the possibility of no solution. That is why they use a weak formulation of
boundary conditions that allows violation of such boundary conditions under
certain circumstances.

Unlike the entire extant literature, we state origin departure boundary
conditions (cars entering a link per hour) in terms of volume rather than
density (cars per mile). This is a very important distinction. A strategy
profile of commuters determines initial volume, namely departures per hour,
and not departure density, unless density is completely determined by volume;
see Example 4. In general, both departure volume and departure density must
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be specified in Nash equilibrium.
Definitions: Let
QE{(?,T)E [o,zﬁrz?} (6)
Do = {0 + 2 = [0, A(m, n)] measurable | for (7,7), (7,7') € Q: 6,n(7.7) =
16n (F,7) = S (7, 7) | < 0(0) - (F = 7| + |7 = 7))}

N
II 7w

m,n=1, m#n

D

We use square block metric for the Lipschitz condition as a matter of con-
venience.

The following definition comes from Strub and Bayen (2006), adapted to
our context. Interpretations immediately follow the definitions. For further

discussion, see also Bressan (2000).

—~ 3N
Definition: A collection of measurable functions {f(m, n, .-, (5mn}

-~

where f(m,n,-,-) : [0,7] x [0, A\(m,n)] — [0, f] and Opn € Dy, is called

a solution to the conservation law (3) with initial and boundary conditions

25To keep the examples simple, we do not emphasize this until Example 4.
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if, for every m and n (m # n), for every k € R, for every C! function
Oomn : 10,T] = Ry, for every C function ,,, : [0, x [0, \(m,n)] — R, the

following hold:
A(m,n)  pt
og/ / Fm,n, 7,8 — | - mnlT0) 7
AN ) — k| - (7)
O (T, 07)

+sign <]?(m,n,7',5’) _ k) - [cpmn (f(m,n,rf,a’)) _ @mn(k)] S L dr'd

Oy (T, 5)

and there exist 2(N — 1)? sets of Lebesgue measure zero: E°, C [0, \(m,n)],
EL C[0,%], such that for all m,n = 1,..., N, m # n,

A(m,n)
lim
70, T¢EQ, . 0

t
[ Lo (Flomn,7.8). (7)) ()" = 0
0

~

flm,n,7,8")|dé =0

5*>07 6¢E#Ln
where

L, (av b) = :}pr) (sign(a - b) : [(I)mn(a) - (I)mn('%)])

I (a,b) = [inf(a, b),sup(a, b)] (8)

-~

@) = [0 (£, 7 D), )

(1) = p ({c € C'|3d € C with R(d) = R(c) =7, 7i(¢) =7, 74() = Td(c)})

o) = el (u({c € C | m(R(c)) =m, 7T22(f(c)) =n, |1%c) — 7| < ?})) . o)

N —m/!
T or some 7 w;_1(r :m/ T\T)=m, T, T)—n ’LLT T -
3 2_{rerys ()=, mi(r)=m, mip(r)=n} B ( ),f(mcmmA(m,,m))

_m/
m'=1, m'#m Z{T6R|for some i m;—1(r)=m', m;(r)=m} oy (T>

Remark 1: The crucial but subtle connection between the functions fand
3 is through equation (9), called the boundary condition, and definition (2).
Condition (9) gives entry into a link by those just departing from their origin

node and those continuing their travel through the node from other links.

Remark 2: 'What we call a solution is actually a refinement of other solution
concepts used in the literature that are more obviously related to equation (3).
The least restrictive of these is the concept of distributional solution, followed
by the more restrictive weak solution. The (yet more restrictive) solution

concept we use is generally called an entropy weak solution in the literature.

28



Motivation for using this solution is that although we have existence theorems
for all of these solution concepts, uniqueness holds only for the entropy weak
solution concept. There is also intuition for the refinement in terms of stability,
usually called admissibility conditions, in the mathematics literature we have
cited.

Remark 3: It is important to provide at least a heuristic explanation,
part of the folklore in the literature, about why this represents a solution
to the partial differential equation or conservation law (3), since there is no
obvious connection between the partial differential equation and what we call a

solution.?  Suppose that 1) can be chosen so that %mn ig close to an indicator
or

function for some set in [0,¢] x [0, A(m,n)] and a%’z;" is close to an indicator

1
v(f(m,n,r,zS),xmn
on the integrand in inequality (7). If we can choose another function so

function for that same set multiplied by ik so that we can focus

that these derivatives are close to —1 multiplied by these functions,?” then

inequality (7) implies:

‘f(m,n,T,é) — k“ +

o~ ~

sign (f(m,n,7,5) — k:> . [(I)mn ( (m,n,T,5)> — q)mn(k)i| : - (A

-~

Dividing by sign ( (m,n,7,0) — k), we obtain

(f(m,n,r,é) - k)+[c1>mn (f(m,n,T,a)) - @mn(k)]-v (f(m P ) _9

Now choose kj, = fA(m,n,T — %,5) for h =1,2,3,... Then dividing by % and

taking limits as h — oo yields

~

it s (i) et o b

This expression is the same as (3).

Theorem 1: Suppose that v satisfies Assumption 1 (so that ®,,,1s Lip-
schitz) and that feasible routes are restricted to satisfy Assumption 2.  Sup-
pose further that for all m,n € N (m # n) flur ®,,, satisfies f — f' <

26 Evidently, this is one of the barriers to entering this literature.
2TNotice that these restrictions are on the derivatives of 1,,,,, rather than on v,,,, itself, so

it is possible to make the derivatives negative while satisfying the non-negativity constraint

on .
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& [@rn(f) — Pon(f')] for f > f', where & > 0,° and that @} (@) # .
Then to each dynamic commuting route structure (77,1, R), there corresponds

a unique solution {f(m, n,-, ),Smn} .
m,n=1, m#n

Remark 4: The case where ®,,, is weakly increasing and Lipschitz, as in
the examples, will be dealt with when existence of equilibrium is considered.
For technical reasons, it is easiest to consider this case as a limit of the cases

where ®,,,, satisfies the conditions of Theorem 1.

Remark 5: One issue concerning our system is how we define a solution.
Our system in fis generally rather discontinuous, so it requires special treat-
ment. There are alternatives to the technique we use, which we consider to
be the most straightforward given our framework. One such alternative is
to assume that the flux function ®,,, is smooth and either strictly convex or
strictly concave. The conservation law is then called strictly hyperbolic; see
Bressan (2000), particularly section 10.2. We can then define a Filippov so-
lution (Filippov, 1973) to this problem, that was introduced into economics
by Ito (1979).* Colombo and Marson (2003) and particularly Marson (2004)
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can be applied to obtain existence and uniqueness of a solution.”” However,

we do not place further restrictions on the flux.

Remark 6: Tt is important to discuss the assumption @1 (%) # 0
along with an interesting associated conceptual issue. ~We are taking de-
parture strategies as times of departure. This leads naturally to boundary
conditions for the initial link of a route that are phrased in terms of cars per
hour, or traffic volume. To start cars on a route, we must rephrase this in
terms of density, cars per mile. Since volume at zero density must be zero
by definition (4), this assumption ensures that for every volume that is pos-
sible as a boundary condition for the initial link, there is a density that will
generate it. We should emphasize, however, that the choice of using density
for boundary conditions on a link is not obvious. Depending on what one

wants to conserve in passing from one link to the next, either volume (cars

28 A sufficient condition is: ®,,, is C! with ®/ > 0.

29 Formally speaking, we could introduce the general definition of a Filippov solution and
then show that there exists one with finite total variation, but here we follow Columbo and

Marson (2003) and Marson (2004) who skip this step because this fact is already well-known.
30In fact, Strub and Bayen (2006) use a strictly concave flux function in their application

in section 5 to the I-210 in Los Angeles. Thus, they could have used a Filippov solution
instead of a weak entropy solution for their application.
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per hour) or density (cars per mile), the transition could be different or even
impossible. We note that the entire literature takes the position that it is
density, not volume, that should be conserved, since boundary conditions are
always phrased in terms of density. Consider, for example, v(f) = 7. Then
volume is constant at x, whereas density can be any positive number. For
this example, transitions between links with differing = that preserve volume
could be impossible. On the other hand, it is easy to see how density works.
We have used constant density transitions in this work. It would be possible
to use constant volume transitions, but more assumptions would have to be
imposed to ensure that boundary volumes are attainable by some density, and
evidently the traffic patterns generated would be different, depending on what

one wants to conserve.

The proof of Theorem 1 can be found in the Appendix. Formally, we prove
that for given departure times and route choices the system behavior given by
{(f(m, n,-, -),gmn(-, )) }N » exists and is uniquely defined. To accomplish
this, we apply Schauder’s Tﬁejorem in a slightly unorthodox manner to the set
of boundary conditions for each node, where the boundary conditions lie in
the space of functions of bounded variation with respect to time.

Next we examine existence of Nash equilibrium in pure strategies in our
dynamic model.

The time cost of a dynamic commuting structure (7,1, R) for commuter

T T e,7)—(t%c)+1
c iS fj? l(c)( s )2?( ( )+ )dT.
perturbations of departure time.

This is the expected time cost taken over all

We fix an arrival time at 74 € [0,00]. Next we introduce the arrival
penalty function P : Ry — R,. To give intuition, think of 7 = 7y (c). The

arrival penalty is given by
P(1) > 0 where P(74) =0
For example, in the introduction we required that:
Almost surely for ¢ € C, Ty (c) < 7

Thus, P(7) = 0 for 7 < 74 whereas P(7) = oo for 7 > 74. It is actually
more common in the literature to use an asymmetric linear penalty function;
see Arnott et al (1993). We can allow further generalization, for example
heterogeneous required arrival times 74, but at the cost of messier notation.

We note that in the framework with a finite number of departure times, this is
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actually the expected penalty for the given choice of strategy, since commuters
are randomly assigned over a small departure time interval.

The individual payoff function for the dynamic model is thus:

u(e; 71, R) = — / T T e ) — (r(0) 2+_ ) + P (e, 7))
7 T

-7

dr’ (10)
The utilitarian welfare function for the dynamic model is

U(r’,1,R) =
-/ " Fugle, ™) = (4(e) + ) + P(Ruo (e, ™))

2T

dr'du(c)

A Nash equilibrium in pure strategies of the dynamic model is a dynamic
commuting structure (7¢,1, R) such that almost surely for ¢ € C, there is no
route 7 of length I’ < N and departure time 7% for commuter ¢ such that,

computing arrival times 7' as in Theorem 1 for the new route and departure

time,
/ Froe. ™) = (e) +7) + PRuo(e. ™)) / Pl ) = (7 + 1) + PG
_= 27 _= 27

We note that due to the congestion externality, the Nash equilibria are
unlikely to be Pareto (or utilitarian) optimal. Example 2 below will make this
precise.

Next, in Theorem 2, we shall prove existence of Nash equilibrium in pure
strategies for our model with discrete and finite departure times by applying
Schmeidler (1973, Theorems 1 and 2). For the model with a continuum of
departure time strategies, we can only obtain existence of e-equilibrium in pure
strategies. It is also worth noting that since ®,,,, will not be required to be

strictly increasing, we must modify (9) to:

uw({ce C|mi(R(c)) =m, m(R(c)) =mn, |Td(c) — 7'| < ?})) N
27

Pon(T) € ‘1%7%(

N

T or some ¢ w;_1(r :m/ Ti\Tr)=m, T, T)—n E:‘n/ T >
3 2 (e ()=, mi(r)=m, mga(r)=n} By ),f(m,’m7T7A(m,7m))

m'=1, m'#m Z{reR\for some i m;—1(r)=m/, m;(r)=m} ﬂgb (T)

This adds another layer of indeterminacy to Nash equilibrium in the case where

®,,,, is not strictly increasing. Consider, for example, v(f, T,,) = %, and thus
®,,,(f) = 1. Then any departure density with respect to distance can be
made consistent with the initial volume conditions at the origin node.
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Theorem 2: Under Assumptions 1-3, if the penalty function P is contin-

uous®' and for all m,n € N' (m # n) ®, 1 (%) # (0, there exists a Nash

equilibrium in pure strategies.

One can prove that a utilitarian optimum exists for the discrete departure
time model. Instead of looking at a continuum of individual strategies, give the
social planner the control variables that are the measure of commuters using
each route at each departure time. The control vector is finite-dimensional.
Assume, to begin, that ®,,,, is strictly increasing in f. With Assumptions 1-2
and Theorem 1, flows and utility levels are well-defined for each departure and
route strategy profile. In the proof of Theorem 2, found in the Appendix, it is
shown that destination arrival times are continuous in the departure and route
strategy profile. Thus, the utilitarian objective is continuous as a function of
the measure of commuters using each route and departure time, so an optimum
exists.

Consider next the case where ®,,,, is non-decreasing in f. As usual, take
a sequence of initial conditions converging to the supremum. These initial
conditions are in terms of volumes and routes, but there exists associated
departure densities (per mile instead of per minute) associated with these
volumes such that the supremum is approached. In the proof of Theorem 1,
the only use made of ®,,,, strictly increasing in f is to prove that fis unique, so
there is an associated sequence of flows such that the optimum is approached.
Following the remainder of the proof of Theorem 2 (that proves continuity of
the objective in the strategy profile), and applying the dominated convergence

theorem, the optimum will be achieved in the limit.

Example 2: What does Nash Equilibrium look like in the case of a linear
penalty function? This is important for applications, as much of the literature

uses such a specification. It is actually quite interesting. Suppose that

B n-(rA—1)ifrt > 1
P(T)_{ C-(r—1)ifr>74

where 7, ( > 0. To fix ideas, we consider the example from the introduction,
with one link and two nodes, modified for this penalty function. Capacity of

the link is x = 1, whereas travel time on the uncongested link is 1. At a Nash

31 Although some of our examples, such as the one in the introduction, feature a discon-
tinuous P, a nearby continuous P with sufficiently steep slope just after the arrival time

would work just as well, but would distract from the point of the example.
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equilibrium, utility must be equalized across commuters, for otherwise everyone
will imitate the happiest ones only. Fortunately for urban economists, this

is a familiar condition. There is mass 2 of identical commuters. Consider

an example with 2 departure times, % and % Those who choose departure

time % actually leave at a random time distributed uniformly between 0 and
1, whereas those who choose departure time % actually leave at a random time
distributed uniformly between 1 and 2. Let 74 = % and n = ( < % It will
turn out that in Nash equilibrium, the commuters who choose departure time
% travel at the speed limit, whereas the commuters who leave at time % travel
slower and arrive later. Suppose the (endogenous) measure of commuters
who choose departure time % is called w, whereas the (endogenous) measure of

commuters who leave at time %
choose departure time %, their travel time is 1 whereas their expected early

arrival penalty is 2. For those departing at time %, their travel time is w’

whereas their ezpected early arrival penalty is 77+ (3 — (w'+ 2)). Setting these
negative utilities equal to each other, we obtain w' = ﬁ, and thus w = %
Notice that, similar to Example 1, we can create a Pareto improvement by
1
5-

is called w’, where w 4+ w’ = 2. For those who

making more agents choose departure time This disrupts the equal utility

condition.

3 Applications

3.1 Can the Static Equilibrium be Supported by a Dy-

namic Equilibrium?%

Given identical exogenous data for the static and dynamic commuting games,
are Nash equilibrium flows in the static and dynamic models the same? In
other words, is the static model a reduced form of the dynamic model? This
is important for addressing the issue of whether the static model makes sense.
For if the answer to this question is negative, then there should be no interest in
the static model, since its equilibrium behavior is different from the analogous
dynamic model, and the real world is dynamic.

For simplicity, we return now to the examples used previously, namely
where there is no penalty for early arrival and an infinite penalty for late

arrival. One could imagine that the static model represents some sort of steady

32The ideas in this subsection owe much to Anas (2007) and to discussions with Alex

Anas.
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state of the dynamic model, where commuters are introduced at constant flows
at all the nodes, and the flows in the links are constant over time. But there
are two problems with this idea. First, with a fixed arrival time (say 9 AM), a
steady state does not make sense. The time profile of equilibrium departures
will generally not be constant over time, since everyone must get to work by
the arrival time. Even if arrival time varied by commuter, one would not
expect to see a steady state attained. Second, the two alternative concepts
for consistency of the two models we introduce next are weaker than asking
that a steady state of the dynamic model look like a static equilibrium. In
other words, if a steady state of the dynamic model looked like the static
model, then the conditions would be satisfied. But they are not.

One could ask whether average flows (over time and distance on a link) in
the dynamic model are equilibrium flows of the static model. Given identical
exogenous data for the static and dynamic games and finding equilibrium, does

the following condition on flows hold?3?

fo’\(m’n) fOTA f(m, n, 7, A)drdA
A(m,n) - 74

flm,n) = forallmn=1,2,....N

But this disguises the following issue. In the dynamic model, flows could be
high for a time and then zero. The average over the link and over time would
be in between, but there would be no actual time and distance on the link
where the average was actually attained. So it is logical to ask whether there
is a time 7, and a distance on every link A(m,n), such that the flows from the
static model are attained by the dynamic model:*!

flm,n) = f(m,n,T,A(m, n)) for all m,n =1,2,...., N
To answer all of these questions in the negative, one only need go back to the
simple example with two nodes and one link given in the introduction. There
the uncongested commuting pattern Nash equilibrium is not present for the
static model, though the congested one is. But if we want to say something
more, for example that there is no equilibrium of the dynamic model that
replicates the behavior of the static model, then a slightly more sophisticated

example can be used.

33In a steady state of the dynamic model, this condition would be satisfied because the
flow on each link would be constant, independent of time, and thus be equal to the average
flow.

3411 a steady state of the dynamic model, this condition would be satisfied because the flow
on each link would be constant, independent of time and location, so it would be satisfied

for every time and distance along a link.
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Ezxample 3: We set up a network with 3 identical links in series, each one
with the structure of the simple example in the introduction (equivalently, one
could use 2 nodes and 1 link with the travel time multiplied by 3). Then if we
set the arrival time at % + 3 (where x < 1), the congested commuting pattern
violates the arrival time for the last commuters, the commuters departing at
time 1 (they arrive at 2 4 1), and the uncongested commuting pattern remains
as the only equilibrium of the dynamic model. It violates all of the conditions
above, as there is no uncongested commuting pattern for the static model.
In fact, even if we only pay attention to distances on links where there are
commuters, their density is x < 1, never to be found in an equilibrium of the
static model. In summary, for this example, the only equilibrium of the static
model is the congested commuting pattern, whereas the only equilibrium of the
dynamic model is the uncongested commuting pattern. Thus, the equilibrium
sets of the two models are unrelated.®

Verhoef (1999) studies a similar problem in a very different class of models,
and concludes (p. 365) that, “For static models of peak demand, it was argued
that for such models to be dynamically consistent, rather heroic assumptions

on the pattern of scheduling costs have to be made.”

3.2 Welfare Properties of Nash Equilibrium

Equilibrium selection is an important issue in one shot congestion games with
Pigouvian congestion taxes. Under such taxes, there can be multiple Nash
equilibria, only some of which are efficient.?® As remarked in the introduction,
Sandholm (2007) shows that with a finite number of commuters, an evolution-
ary process, and Pigouvian taxes, the outcome will be efficient. A major
limitation of this work is the assumption of a common utility function with
idiosyncratic perturbations, which seems to rule out heterogeneous origins and
destinations.

Although that approach is clearly interesting, we take a completely differ-
ent approach here, motivated by our examples. A major advantage of our
approach is that we can compare non-trivial commutes (home to work) with

their reverses (work to home), to our knowledge absent in the literature. As

35Without an arrival time, it’s easy to argue that neither the static nor the dynamic model

is a reasonable model of the morning commute.
36We do not provide an example here, both because they are available in the literature

(for more macro models) and because, as will be apparent from Theorem 3, examples in our
framework with non-constant (or non-zero) Pigouvian taxes will have relatively complicated

route structures. For instance, a one link example won’t work.
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we wish to focus on departure times rather than routes in the dynamic model,
we discuss the following restrictions:®’

Definitions:  An outbound tree network is a set of route lengths and
routes R such that for any v € Rl,r' € RY, mi(r) = m1(r') and there do not
evist 1 <i <land 1 <i <1 with mi_1(r) # my_1(r") and m;(r) = m:(1").
An inbound tree network is a set of route lengths and routes R such that
for any r € RY, v € RY, mi(r) = mp(r') and there do not exist 1 < i < 1 and
1 < <1 with m;i(r) = my(r") and w1 (r) # mpa(r7).

In terms of commuting, an inbound tree network might be a reasonable
model of commuting from home to work, whereas an outbound tree network
might be a reasonable model of commuting from work to home. In terms
of electronic networks, this might not be a good model of the internet, but
tree structures are often used in local area networks. The property of interest
for an outbound tree network is preventing mergers of routes at nodes where
traffic continues together along the next link.

Why we are introducing a restrictive condition like this? It is one way to
sort out the efficiency properties of Nash equilibrium in our dynamic model.
What is perhaps strange but interesting is that on a two way network, commut-
ing to work may be inefficient, whereas commuting to home might be efficient.
In other words, reversing the commute on a directed network can change the
efficiency properties of Nash equilibrium.

Notice that both types of tree networks satisfy Assumption 2.

We begin our discussion with the static model. With an inbound or out-
bound tree network, there are no route or departure time choices to be made,
so rather trivially there is an efficient Nash equilibrium.

Next we turn to the dynamic model. In particular, we wish to examine
the similarities and differences between commuting from home to work and
commuting from work to home. Since networks are arbitrary in our general
framework, we focus on trees, and begin our analysis with an example. Most
of the intuition can be gleaned from this example. What is important for our
purposes is asymmetry.

Example 4: First, consider the commute from two home locations A and
B on the right to a common work location D on the left, via a merge at node

C, as represented in Figure 3:

3TExtensions will be discussed at the end of this subsection.
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B
Figure 3: Example of an inbound tree network

Suppose that rush hour is from time 0 to time 1 with two possible depar-
ture times: 1/4 and 3/4, where commuters choosing the first departure time
are uniformly distributed over actual departure times [0, 1/2] and commuters
choosing the second departure time are uniformly distributed over actual de-
parture times [1/2,1]. Fix § > ¢ > 0. The length of links AC and BC is
1+ 2¢, whereas the length of link C'D is 1+ 4¢. Speed on links between nodes

A and C, as well as between nodes B and C, is given by min {%, 1} +¢€. Speed

on the link between nodes C' and D is given by min {%, 2} + 2¢.  There is
no arrival time penalty; it’s not very natural when comparing a commute and
its reverse, though the examples and theorem can likely be extended in this
direction. There is measure 1+ 2¢ commuters travelling from node A to node
D, whereas there is measure 1 + 2¢ travelling from node B to node D.3®

Let’s first examine Nash equilibrium. Consider the symmetric strategy
profile where measure (1 + 2¢)/2 commuters at home A choose departure time
1/4 and thus are uniformly distributed with flux volume 1 + 2¢ over [0,1/2],
whereas measure (1 + 2¢)/2 commuters at home A choose departure time 3/4
and thus are uniformly distributed with flux volume 1 + 2¢ over [1/2,1]. As
always, we must be careful about how volume (cars per hour) translates into
density (cars per mile), particularly at origins. In this case, we set density
f =2, so speed is % + €. Similarly, commuters at home B are split: measure
(1+2¢)/2 choose departure time 1/4 and are uniformly distributed over [0, 1/2]
with flux volume 1 + 2¢, whereas measure 1/2 choose departure time 3/4 and
are uniformly distributed over [1/2, 1] with flux volume 142¢. Each commuter
experiences a total travel time of 4: travel time is 2 on the initial link, and 2
on the link between node C' and node D.

38The calculations would be even simpler if we could take ¢ = 0. However, in that
case there are many initial densities associated with a particular initial volume, for example

volume 1 on the initial links. This indeterminacy creates unwelcome complexity.
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Next consider the following slightly asymmetric strategy profile that will
not be a Nash equilibrium. The density schedule for commuters who have

homes at A remains the same as above. Commuters who live at B will have

the following departure schedule. Measure % + 4_3;26 depart at time 1/4. For

those who depart at time 1/4, the departure de?sity is 2%6, so volume is 1+ 23—;
whereas initial speed is %. Measure %—l— ﬁ—éz depart at time 3/4. For thos2e
who depart at time 3/4, the departure density is 524;4:, so volume is 1 + %
and initial speed is 2t6etde® - The firgt cohort to arrive at node C' will be those

5+4e
from homes at node g who depart in [0,1/2], and who arrive at node C at
times in the interval [1.5,2]. Next are the commuters from homes at node A
who depart in [0, 1/2], and who arrive at node C' at times in the interval [2, 2.5].
The next commuters to arrive are the commuters from node A who depart in
the interval [1/2, 1] and who arrive at node C' at times in the interval [2.5, 3].
Finally, the cohort of commuters who depart node B in [1/2, 1] arrive at node
C' at times in the interval [521166;232 2, 52?&?4%22 +1]. Notice that the overlap

in arrival times at node C' is of measure zero. Therefore, in the end, travel

1+4e _ 348e¢
14+2¢ — 1+42¢

time for all commuters who live at node A is 2 4 < 4, whereas

travel time for the first cohort from node B is § 4 %26 = &< < 4, but
s 541664862 5424e+16€? __ 15456e+32¢2 :
for the second cohort is 5r6erac T Irizerse — ayivcrse < 4 provided that

€ < %. Clearly, this strategy profile Pareto dominates the Nash equilibrium
strategy profile, but is not a Nash equilibrium itself since commuters at home
B receive different utility levels depending on their departure time.’

Next we reverse the commute. The structure of permissible departure
times and speed as a function of density are the same. The new diagram is

as follows, represented in Figure 4:

/

D C N\
B

Figure 4: Example of an outbound tree network

39Tf the utility function is linear in money, the Pareto efficient allocation could be imple-
mented by charging a time-dependent toll at either node B or node C that is equal to the
difference in travel time for the two cohorts departing from node B. The charge is positive
for the cohort departing node B in [0,1/2], namely choosing departure time 1/4, but 0 for
all other commuters.
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A Nash equilibrium and utilitarian optimal strategy profile has measure
(142€)/2 of each type (for a total of 1+ 2¢) departing work at node D at each

of the two departure times. The departure volume is 2 + 4¢, the departure

density is 2, whereas initial speed is 1 4+ 2¢. Travel time on link DC' is iigz

Density on the second link (either CA or BA) is 1, so the speed is 1 +¢. Time

142¢
1+e?

The next theorem makes this example more general:

spent on the second link is so the total travel time of each commuter is

1+4e + 1+2€ 40
1+4+2¢ 1+4€ °

Theorem 3: Under Assumption 1, with an outbound tree network, assum-

ing*! g—? <0, for all m,n € N (m #n) &1 (@) # 0, and P = 0, there
is a Pareto optimal'® strategy profile that is also a Nash equilibrium. Thus,

there exists an efficient Nash equilibrium.

The proof of Theorem 3 is in the Appendix. Thus, under these additional
assumptions, efficiency can be achieved not through taxes, but by equilibrium
selection. Prisoners’ dilemma problems are ruled out by the structure of the
game, specifically these additional assumptions. The first half of Example 4 is
an inbound tree network that has no efficient Nash equilibrium, so an analog
of Theorem 3 for an inbound tree network is impossible.

Since the simple example with two nodes and one link from the introduction
is trivially an outbound tree network, it cannot be true that all Nash equilibria
are efficient. For such a simple example as well as for outbound tree networks
(the evening commute) more generally, congestion pricing is unnecessary if
equilibrium can be selected, for example by using flow control. In contrast,
congestion pricing seems necessary for other commutes.

We conjecture that it is possible to extend Theorem 3 in several directions,
for example to more general network structures that allow route choice such as
that given in Figure 1, that is not an outbound tree network. An outbound
shrubbery network is a set of route lengths and routes R such that for any
re R € RV, mi(r) = mi(r') and there do not exist 1 < i <land 1 <i' <1’

40 An interesting aspect of this modified example is a difference between volume and density
transitions to the second link of each route for the outward bound tree network. The
(constant) density transition we have used produces f = 1 on the second link, whereas the

constant volume transition produces f =4 + %
41Sharp-eyed readers will notice that this condition is not satisfied by Example 4. We

can weaken this condition to: %?+ lg< 0, where + denotes the right-hand derivative of
the function and |5 denotes evaluation of the derivative at the departure time profile that

assigns equal volume and density to all departure times.
42 Although we have not defined it formally, Pareto optimum is the usual concept in our

context of a continuum of agents.
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with m;_1(r) # my_1(r'") and m;(r) = 7y (r'), and w1 (r) = T (r’).  We
conjecture that Theorem 3 holds with the outbound tree network replaced by

the more general outbound shrubbery network.

4 Conclusions

We have asked and answered several questions about commuting using two
models, one static and one dynamic. For each model, we have shown that a
Nash equilibrium in pure strategies exists for the one shot game, that a Pareto
optimum exists, and that Nash equilibrium is generally not Pareto optimal.
Beyond that, we have shown that all Nash equilibria of the static model can
look very different from any Nash equilibrium of the dynamic model. Since
the static model features behavior unlike the dynamic one, we reject the former
as a reduced form of the latter and stick with the dynamic model. Finally,
we have examined the welfare properties of Nash equilibrium in the particular
case of a tree network, and found that equilibrium might not be efficient for
the morning commute, but under some conditions there always is an efficient
Nash equilibrium for the evening commute. Thus, congestion pricing is more
important for the morning commute, whereas equilibrium selection (perhaps
via flow control) is more important for the evening commute. Further effort
should be devoted to discovering the welfare properties of Nash equilibrium
on specific directed networks. In sum, what we have shown is that a model of
congestion using microfounded behavior has very different properties from the
reduced form models used in the literature.

Our commuting model can be reinterpreted as a model of internet conges-
tion. In this context, local area networks often have a tree structure, so for
example the results on efficiency of Nash equilibrium and the consequences for
congestion tolls can be reinterpreted in this framework.

For simple examples, the Nash equilibria of our model can be solved ana-
lytically. For more complex examples, the proof of Theorem 1 indicates that
a numerical solution technique involves nesting the solution of a discontinuous
system of differential equations inside a fixed point solution algorithm.

In a companion paper to this research, Berliant (2012) examines the set
of Nash equilibria in the infinitely repeated versions of both the static and
dynamic commuting games, and the folk theorem is used to obtain these large
sets. There we present some preliminary evidence from the shutdown of an

expressway in St. Louis that commuters do not always play one shot Nash

41



equilibrium. We also discuss the application of the anti-folk theorem to our
specific game, namely conditions under which the Nash equilibria of the infi-
nitely repeated game are the Nash equilibria of the one shot game.

Our model could be extended to allow elastic demand for travel to or from
work. The extension of the model to allow land markets and endogenous
choice of household residence and job location would also be interesting.

The dynamic model should be applied to real world commuting. Since it
can accommodate an arbitrary (exogenous) route structure, it has both pos-
itive and normative content, especially regarding Pareto improvements. For
example, it can be used to perform cost benefit analysis with respect to chang-

ing infrastructure and mass transit.
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5 Appendix: Proofs

5.1 Proof of Theorem 1

Preliminaries: We want to find a unique fixed point in initial conditions at
the start of a link over time, that we will call g, and progress along a link that
we have defined as 0. The main issue is consistency of the commuting pattern
with boundary values on links, namely the density of departures along a link
from a node. These initial conditions are partly exogenous, due to the fixed
choice of departure times and routes for Theorem 1 (in contrast with Theorem
2), and partly endogenous, for nodes along a commuter’s route that are not
the point of origin. So we employ a fixed point on this data; it will be in a

subspace of functions of bounded variation.
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We have already defined the space where § lives; see (6). Notice that for
Theorem 1, flux ®,,, is one to one. Recalling that each permissible route can
only go through a given node once, next we define the space of all possible

initial conditions, G:

Definitions: For g :[0,t] — R, the total variation norm is defined as:

K
TV (g) = sup {Z g(tk) — g(ti-1)| |[K > 1, t, € [0,], to < t1 < -+ < tK}
k=0

Next, define the lower bound on departure density different from zero:

e {q)l (M({C €CIR(E) =r, 1) 7| < f}>>

i 27

reR,7€[0,7], m(R(c)) =m, m(R(c)) =n, u({c€ C|R(c))=r, |7%c)—7| <7}) >0 }

>0

Number the equivalence classes of links defined by the relation =, from the
bottom class up, using the index h = 1,2,... H < N?> — N. Define x, =
(T/7+1) - f and define inductively

N =2 R4 T4 (ueoer D5 L

for h=1,2,... H—1. For link mn, define h(mn) as the equivalence class to

which it is assigned. Define:

¢ o)=r, |t¢(c)—7|<T
fizy (s 10t ) ) =

{g5,() measwrable on [0.7] [0 < g7,() < 7, g5,(0) = 0, TV(55()) < Xy |

if m;(r) = m, m41(r) = n for some i > 1

I

Finally, define:

0 o @

n=1 {reR|m;(r)=n for some i}

g

We shall be searching for a fixed point in G. So the next step is to define
the map from G into itself.

We begin by fixing some g € G. For reasons explained in the text below
equation (5), we alter it by inserting a small gap of size ¢ > 0 after every

downward jump, namely where g/ (77) > ¢/ (77) To keep notation from
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getting out of hand, we will index g by ¢ only at the end when we let ¢ — 0.4
The 2 in (11) accounts for the insertion of these gaps.
Definitions: For each link mn, m # n, we define

g(m,n,-) = Z g:b()

{reR|mi(r)=m, mit1(r)=n for some i>1}

To simplify notation, define

Xmn = Xh(mn)

Notice that TV (g(m,n,-)) < X,u.- After some preparation, we shall define
the map 7 : G — G. We will call 7(g) =9¢. Next we begin preparations for
defining this map.

Given the initial condition
fm,n,0,A)=0Y A >0

and the left boundary condition on each link mn, m # n: f(m,n,7,0) =
g(m,n,7), Strub and Bayen (2006) yields existence of a unique solution (as we
have defined it) called f(m,n, 7, A) of bounded variation on (0, ¢)x (0, A(m, n)).
We must be a little careful here, specifically at the right boundary A(m,n).
Although they only use the solution on (0, %) x (0, \(m,n)), as they remark, it
is in fact defined on [0,7] X [0, A\(m,n)]. All we need is that it is defined on
(0,%) x (0, \(m,n)]. Next, to make the right boundary condition non-binding,
we simply set (in their notation) p,(t) = 0. Then the right boundary condition
becomes vacuous.** The initial (in contrast with the boundary) condition is:
at time 0, the density of traffic along the link is 0. Only the left boundary
condition will apply in a significant way.

Next we define a unique 6,,, (7, 7) € D,,,, associated with f. To accomplish
this, we shall apply Biles et al (2014) Theorem 1 to the (discontinuous) ordinary

differential equation:*®

00n (T, 7T)
or

43 As detailed in the main text, one might prefer the use of the classical solution to the

=v(f(m,n,7,0mn(T, 7)), Timn) (12)

conservation law when there are no gaps inserted. In this case, less dense traffic does not

separate itself from denser traffic that follows. Then we can set ¢ = 0.
441 fact, this is where we use Assumption 3, implying that there is no backup onto a link

of traffic congestion, namely a threshold, at the endpoint of that link. In particular, we
ignore behavior outside the link when we solve the differential equation for traffic flow on a

link.
¥ Our first attempts, before finding Biles et al (2014), tried to apply Bressan (1988,

Theorem 1). It is of some interest to see why the latter result cannot be applied. For
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This will require us to delve a little into the clever proof of existence of a
solution f used by Strub and Bayen (2006)° in order to integrate it with the
structure of Biles et al (2014).*" These ideas will also be useful shortly in
order to prove that g € G.

We know from Strub and Bayen (2006), p. 560, that for each A € [0, A(m, n)],
f(m, n,-,A) is of bounded variation. But for our purposes, it will be useful

to prove the stronger assertion: For each A € [0, A\(m,n)],

-~

TV(f(m, n, - A)) < Xmn-

That is next on the agenda.’8

Strub and Bayen (2006) use an approximation, generally called the Go-
dunov approximation, to construct the solution that we call f(m, n,--). In
their notation, they consider only one link and thus drop m and n. To reduce
notation, we also drop these indexes temporarily. The discrete approximation
they use is called p;, where s denotes a time cell and ¢ denotes a location cell,

and where ¢ and s are integers. Specifically, the cells are defined as follows:
[ = i ) — 1 i )+ l
oM\ T2 M2
J. = i _ 1 i + 1
S VR CRSY AN VR G

where A is the length of the link, M denotes the number of location cells

(i=1,2,..., M), s indexes time cells (s = 1,2, ..., N') where A is the smallest

integer strictly larger than a—/‘;, and z > 0 is an arbitrary constant. The cell

sizes tend to zero (M — o0) as the approximation converges. It is important
to note that, from the uniqueness result of Strub and Bayen (2006), the limit

is actually independent of choice of z.

that Theorem, the natural upper bound on speed is the limit on speed as density tends
to zero. But then, given a simple discontinuity in f, where f is for example piecewise
constant, we can leapfrog back and forth over the discontinuity using changes in both time
and distance. This creates, in the terminology of Bressan (1988), unbounded variation in
the cone T'™. Thus, the result cannot be applied, since bounded variation in the cone I'™

is a key assumption of the Theorem.

46The keys to this proof are the Godunov construction and the Courant-Friedrichs-Lewy
(CFL) condition.

47Since there are notational conflicts between the two papers as well as with our notation,
integration requires some notational changes.

48 A method for proving this, different from the one we use, would directly employ the fact

~

that f(m,n,-,A) is of bounded variation for each A € [0, A(m, n)].
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The boundary condition is given by:

=2 [ i

~

The next issue, both difficult and important, is to show that TV (f(m,n, -, A)) <
Xmn- Lhis is important because we must show that the exit density from a
link (as a function of time) has a uniform bound on variation so that we have
compactness and we can apply a fixed point theorem. It is a stronger require-
ment than simply showing that the exit density has bounded variation. The
reason this issue is difficult is due to the Godunov scheme. As Friedrich et al
(2018, p. 8) note, “In particular, the Godunov type scheme also does not fit
into the classical assumptions of total variation diminishing (TVD) schemes,
as the total variation may slightly increase (as it is the same for the analytical
solution).” Although we wish we could directly apply their results on bounded
variation in section 3.3 of their paper, we cannot. Our framework is simpler
(as we use local flux),* but the big hazard with the mathematics literature on
conservation laws that also applies here is that they address the initial value
problem rather than the boundary value problem. So we must alter their
clever argument substantially.

To begin, the key equation system from Strub and Bayen (2006, p. 559) is

as follows:"Y

p; 1 is an element f of I(pj, pi,;) such that sign(p,, — pj) - ®(f) is minimal
2
Pfﬂ =p;—z: (q)(pf+;) - q’(ﬁf,;))
2 2
(13)
Then noting that in our particular traffic context, p; =0 and p? 1 = p;_q,
2 2

and employing (13),

Pi = Pl = i — 2 (PP ) — B()) — pii + 2 (R(p5)) — (1))
=2 [®(p]) = D(pi )] + [pir — pia] + 2 [®(050) — piy)]  (14)
Let ¢ be the Lipschitz constant for ®. Fix 2z, 0 < 2 < %.51 Now consider
two cases: p; ; > pf;l and p; | < pflll In the first case, using (14),

il —pi = 2 (@) — (i) + [pia — Pt ] + 2 [R(05) — P(pih)]

= 2 [®(p}) — (o )] + |5 — pit | — 2 [ @(p5) — @(p)]

Y1t is easy to see how our work can be generalized to non-local flux, in the spirit of
Friedrich et al (2018).

50The definition of I can be found in (8).

51 Alternatively, we could use the CFL condition, verified in this model by Strub and Bayen

(2008, p. 559).
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Taking absolute values and using the fact that |p5,, — pii1|—2|®(p51) — ®(p{i1)| =
0,

Pt = pia| < 2 [@00F) — @07 + [pi — | = 2 [@(p5a) — @(p51))]
In the second case, multiplying both sides of (14) by —1,

Pi— P = 2 [®(f) — ()] + [Pl — Pl 2 [P(05) — P(pi)]
= z- [P0 ) = ()] + [p5i — Pa] — 2 [R0) — @(0510)]

Taking absolute values, we obtain:

05— o5 < 2 (07 — ()| + | o5t — Pia| — 2+ [R(p5) — @(p54))|
Thus, the following holds in either case:

i = o3| < 2|20 = ®(0))| + |5t — P — 2 | @(o5d) — ()]

Next, summing terms:

M—-1N-1 M—1N-—
IDMLIEL RIS Z )
s=1 =0
M- 1/\/ M-1N-1
+ ‘pfﬂ - pz+11| -z Z Z |q) Pz+1 Pz+1)}
s=1 =0 s=1 =0

Moving the second set of terms on the right hand side to the left and elimi-

nating common elements,

N-—-1 N—-1 M-1 M-1
S et = M= o = ] < 2 (Z 12(p5) — 2(ps7 )| = D (o) — @(pifl)\)
=0 1=0 s=1

Therefore,

M-1 N1 M—1 N1
2> | ®(x) = (o D[+ |t = o < 2 >0 @008 — o5 )|+ [ — Al
s=1 i=0 s=1 i=0

Now if we have chosen ¢ large enough so that all commuters have arrived at

their destinations (at the positive minimal speed) before that time, then for
N-1

M sufficiently large, Z | P — pM 1 1| = 0. In addition, the only location
i=0
for which ‘p} =Y +1‘ > 0is i = 0, and then it is bounded by f. Hence,

M-1 M-1 B
2 |@(oy) — (oD <2 Y (@005 — (o5 | + T
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and therefore,

M—-1 M-—1 7
D [2(r) = 2o < D [2005) — 57| + 2
s=1 s=1
Applying the Lipschitz conditions,
= M-1
: Z o — o] < D0 [ ®ok) — @i
s=1 s=1
M—1 7
< 3 [a() - e(p )|+ L
s=1
M—1 =
< ¢ \pé—pé_ng
s=1
Summarizing,
M-1 M-1 7 ] 5
PRl R T DR R B (15)
s=1 s=1

In fact, this inequality holds not just for location cell A/, but for any location
A € (0, A\(m,n)), by setting the limit of the various sums to the location cell
containing A, called i(A, M), rather than to A/ — 1. Recall that the entry
density for this link is:

V(A(m7 n,- 0)) < Xomn
M-1
and thus Z 195 — 05" | < Xonn- Strub and Bayen (2008) show that a subse-
s=1
quence of p, which is implicitly indexed by M, converges strongly (and thus
almost surely) in L' ((0, A(m,n)) x (0,7)) to the unique solution that is of

bounded variation. Since this is not pointwise convergence (and {A(m,n)} x
M-1

[0, 7] is of measure 0 in [0, \(m,n)] x [0,1]), it is possible that Z !pj\/ - pf\fl‘
s=1
does not converge to TV (fA(m, n, -,A(m,n))). To obtain the exit density
from this link, take a sequence {Ag} >~ | with Ay < A(m,n) and lim,,_,. Ay, =
A(m,n), and for each k construct the sequence { Pi(ay,, M)} . Then using
M1 =
(15), )
s=1
orem, for each fixed k construct the function f(m,n, -, Ax) as a pointwise limit

Piap M) — pf(_Alh M)‘ is (uniformly) bounded. Applying Helly’s the-

of a subsequence of { Pia M)} as M — oo. Then apply Helly’s theorem
? s=1
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again to obtain the pointwise limit of a subsequence of f(m,n, -, A;) as k — oo,

and call this density f(m,n,-, A(m,n)). This exit density (as a function of

time) will form the basis for entry density on succeeding links. Notice that

= f-€
TV (Flm, . A, 7)) < 66 X+ (16)
By remark 2.1 of Bressan (2000), we can take it to be right continuous in ¢.
Next, we examine whether this exit density is unique, at least among func-
tions of bounded variation that satisfy TV (f(m,n,-,A)) < ¢ - & Xonn + %
Suppose that there are two different exit limits of bounded variation; call them

~ o~

f(m,n, -, A\(m,n)) and f(m,n,-, A(m,n)). Now we already know from Strub
and Bayen (2006) that f(m,n,-,-) = A(m,n,-,-) a.s. (t,A). The next ar-
gument parallels Strub and Bayen (pp. 558-559) where they argue that their
solution is unique. We know for ¢ € C}(0,7) and ¢ € C1(0, A\(m,n)) (where

@, >0),

/Ox(m,m /Ot Flom, .t 8) = Fom, m,t, 8)| w(A)' (1 an

+ sign (f(m, n,t, A) — F(m,n,t, A)) : (cp (f(m, n,t, A)) — (ﬂm,n,t, A))) W (A)p(t)dAd
>0

For ¢ approximating the indicator function of [0, ], we have:

A(m,n) | N
lim sup / Flm.n.t,8) = Flm, .t 8)| (2t
t—0 Jo
A(mn) | N
~timint [ | Fmn,t,8) = flm e, )| o(a)de
t—t Jo

> — /Ok(m,n) /Otsign (f(m, n,t,A) — f(m, n,t, A)) .
<<I> <f<m,n,t, A)) — (f(m, n,t, A))) - (A)dAdt

Taking 1 to approximate the indicator function of [0, A(m,n)],

t
> lim sup / sign (f(m,n,t,A) — f(m,n,t, A)) .
A—X(m,n) JO

(q) (f(m, n,t, A)) - (f(m,n,t, A))) dt
—lim Ahifo /Ot sign <f(m, n,t,A) — f(m, n,t, A)) .

(CI) (f(m,n,t, A)) - (]?(m,n,t, A))) dt
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In sum, we have:

A(m,n) | N
lim sup/ f(m,n,t,A) — f(m,n,t, A)‘ dt —
t—0 Jo
Am,n) | N
lim inf/ f(m,n,t,A) — f(m,n,t, A)) dt
t—t Jo
z ~ ~
> lim sup / sign (f(m,n,t,A) — f(m,n,t, A)) .
A—X(m,n) JO

<® (f(m, n,t, A)) - (f(m,n,t, A))) dt
—lim Airifo /Ot sign <f(m, n,t,A) — f(m, n,t, A)) .
<<I> (f(m,n,t, A)) - (]?(m,n,t, A))) dt

Since the left hand side (the first two terms) are zero, we obtain:

lim mf/szgn flm,n,t,A) — f( ntA))
(@(f(m,n,t,A))—q)( mntA)

> lim sup /tsign (f(m n,t, A) — f(m,n,t A)) :

A—x(m,n) Jo /
<<I> (f(m,n,t,A)) — < m,n,t, A) ))

As in Strub and Bayen (2006, p. 558), the left hand side is 0. The right hand

side is non-negative (recall that flux ® is increasing in density). Hence,

lim sup )/Ot sign (f(m,n,t, A) — A(m, n,t, A)>~(q> (f(m, n,t, A)) - (]?(m,n,t, A))) dt

A—A(m,n

=0
Now since @ is strictly increasing in f, we know that

=0,

lim sup
Ll

A—X(m,n)

f(m,n, L A) — A(m,n, ~,A)‘

implying that f(m,n, -, A(m,n)) = f(m, n,-, Mm,n))a.s. (t). Both f(m,n,-, A(m,n))
and f(m, n, -, A(m,n)) are of bounded variation, so by Lemma 2.1 and Remark
2.1 of Bressan (2000), by taking right continuous versions, they are in fact
equal.
Although we used the argument just above to obtain a well-defined exit

density, if we replace A\(m,n) with an arbitrary distance A, 0 < A < A(m,n),
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the same argument applies and we have that for any sequence {Zk}zozl with
limy oo Ap = A, limy_ o0 f(m, n, -, Ay) = f(m, n,-, A) a.s. (t), where

~

Taking the right continuous version, it follows that limy .o, f(m,n,-, Ay) =

-~ J—

f(m,n,-, A) pointwise.
The next step in our analysis is to examine existence and uniqueness of
Carathéodory solutions to (12), given that we have a unique solution to the

conservation law. Theorem 1 of Biles et al (2014) employs as one sufficient

-~

condition that the number of discontinuities in f(m,n,7,-) is countable for

~

each 7. To prove this, we first show that for each 7, TV (f(m,n,7,-)) < oc.
We shall repeat some of the arguments above with the space domain in place
of the time domain.

From (13),

Pt = ot = — i — 2 (R(0]) — (pi0)) + 2 (R(p7a) — R(],))
Again, we consider two cases: p; > pf ; and pj < pj_;. In the first case,
it =Pt = ol = pia| = 2 [@(07) — @(pi )|+ 2 (R(p]1) — D5 s))

Taking absolute values and using the fact that 0 < z < %, implying } P —piq ! —
2+ |®(p) — ®(p_1)| >0,

57 = ol | < pf = pia] = 2 | @(0]) — R(piy)| + 2 [R(piy) — (ps)]
In the second case, p < pi_,, and

Pt = it =) = Py — 2 (R(p)) — P(piy)) + 2 - (i) — B(pis))
Taking absolute values,

o5 = o] < pp = o5 | = 2 |@(05) = R(p_))| + 2 |R(pfy) — B(p5y)]
In either case,

57 = o | <ok = pia] = 2 | @(0)) — Rpiy)| + 2 [R(piy) — B(ps)]

Next, fix M’ integer, 1 < M'<M. Summing terms:

M —1N-1 M —1N-1 M —1N-1
D22 M =pll < 30 Y e =il =2 30 D 100e) = (o)
s=0 =1 s=0 'Az/;ilN_l s=0 =1
+z- Z Z |<I)(pf71) - CI)(/)?J)‘
s=0 i=1
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Moving the first set of terms on the right hand side to the left and eliminating

common elements,

./\/1 M -1

'—pzll—zm—pzlk—z Z!fbfwl ®(pir_5)] <0

1= 1

Now [p? — p? ;| = 0 except for i = 1, and then it is bounded by f. Hence
TV(J?(m,n,T,-)) < 00, and by Bressan (2000, Lemma 2.1), f(m,n,7,~) has
only countably many discontinuities.

With this fact in hand, Biles et al (2014) Theorem 1 and the discussion
following for the scalar case implies there exists a Carathéodory solution to
(12), and the set of all such solutions form a funnel. We take the minimum
(speed) of these, since we do not allow passing. It is unique.

Next, we apply the arguments elaborated above to define, and discover
properties of, the map 7 : G — G. Let f(m,n,-, ) be the unique solution
to the conservation law on link mn with initial condition 0 and boundary
condition g(m,n,-).

Let 0,,,(T,7T) be the corresponding (unique) solution to the differential

equation (12). Define:
Frn(T) = O (-, T)(A(m2, 1)) (18)

Notice that since speed v > 0, 0,,,(7, 7) is strictly decreasing in 7, S0 T, (7)
is well-defined.

With this preparation, we can define the image 7 (g) = g, that will depend
on both g, through the solution on a link f as defined above, and ¢, through

its inverse image 7.

I, (Tmn (T))

Z{’I‘ €R|for some % wl(r’)_m ﬁ2+1(r’)—n} gm( ( ))
g(r) = if 3¢ > 3 with m;_1(r) = m, m;(r) = n;
_ u({ceC|R(c))=r, |T%(c)—T|<T}) .
o (" PO (1) =, ) =

(19)
The argument that g € G is as follows.

First, for the case m1(r) = m, m2(r) = n, by definition

S ((D ( p{e € O m(R(e) = n, hd(@—r)@}))) < (/)T

2T
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In all other cases,

Tv<§,z<~>>—Tv< InTon(™) -ﬂm,nmA(m,n)))

Z{T’G’leor some i m;(r')=m, m;4+1(r")=n} g;’l(Tmn(T))

G (Trn (tr))

K
= sup
K>1, tp€[0,2], to<t1<-<tx | p=1

Z{r 'eR|for some i 7;(r")=m, 7;41(r')=n} gm(Tmn(tk>)

" mn T iy
i gm(T ( k 1)) —— f(m n,tk 17
Z{r’eRHor some ¢ m;(r')=m, miy1(r")=n} gm(Tmn (tk—l))

{ - 9 (Frun(t1)

k=1 Z{T’GR|for some ¢ m;(r')=m, miy1(r')=n} g:rlb(%m”(tk))

< sup
K>1, tr€[0,t], to<t1<--<tg

: ‘f(m,n,tk, A(m,n)) — A(m,n,tk_l, )\(m,n))‘ }

I (T (tr))
Z{T’E’R\for some ¢ m;(r")=m, mit1(r')=n} gS; (Tmn (tk))

. A(m, n,tr_1, )\(ma n))}

K
+ sup E
K>1, t,€[0,¢], to<t1<---<tx k1

B o (Trn (r—1))
Z{’I‘IGleOI” some ¢ m;(r')=m, miy1(r’)=n} g;rlL (T’m” (tk—l))
< TV(f(m.n,-, Nm,n)))

K ~
T (Tt
4 sup Z I () S
K>1, t€[0,2], to<t1<-<tx | =1 Z{T’GR\for some i m;(r')=m, m;y+1(r')=n} gm(Tm"(tk))

TAGICE) |} I )

Z{r’eR|f0r some ¢ m;(r')=m, mi41(r')=n} g:); <?mn(tk—1))

To simplify this expression further, we focus on the second term. For nota-

tional brevity, define:

[1]
Il

1

(m n, tg, A(m,n))

Z{T’G'RH i s.t. mi(r)=m, miy1(r')=n} g;;(?m”(tk»] ) [Z{T’ERB i st mi(r)=m, mit1(r')=n} QII;(?mn(tk—l))]
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i (Trn (t))
Z{T’ER|f0r some ¢ m;(r")=m, wiy1(r')=n} g;;’lb(Tmn (tk))

I (T (tr—1))

Z{T’€R|for some ¢ m;(r')=m, miy1(r’")=n} g;;’lb (?mn (tk—l))

= =- Z g;;(?mn(tk—l)) I (Trmn(tr))

{r’'eR|for some i 7;(r')=m, mi11(r')=n}

— I (Tn (ti-1)) - Z g;;(?mn(tk))

{r'eR|for some i m;(r')=m, miy1(r')=n}

IN
(1]

Z g;;(?mn(tk—l)) NG T (te)) = G Tonn (tr—1))|

{r'eR|for some i 7;(r')=m, mit1(r')=n}

+ G5 (Tran (tr-1)) - Z g:)’/L (Trn(tr—1))

{r'eR|for some i 7;(r')=m, w41 (r')=n}

- Z g:)’/L (Tmn(tr))

{r'eR|for some i 7;(r')=m, m;iy1(r')=n}
< |g;1(?mn(tk)) - g%(?mn(tk—l)”

|:Z{W€R|for some i m;(r')=m, w41 (r’")=n} g:;; (?mn (tk))]
1

+
[Z{T,ERIfOI' some i m;(r')=m, miy1(r')=n} g;;(Tmn (tk))]

Z grr;(?mn@k—l))

{r'eR|for some i 7;(r')=m, miy1(r')=n}

- Z 977;; (Trmn (tr))

{r’eR|for some i 7;(r')=m, m;41(r')=n}
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1

<
[Z{r’eRﬂor some i m;(r')=m, miy1(r’")=n} gIrIL (Tmn (tk>)]
(100G (00) = g ot +
Z 9;; (Trn (tr—1))
{r'eR|for some i w;(r')=m, miy1(r')=n}
- Z g:rlz (T (tr))
{r'eR|for some i 7;(r')=m, mi11(r')=n}
Similarly,
I (T (tr))
Z{r’eR\for some ¢ m;(r")=m, mit1(r')=n} g;; (Tmn (tk))
B I (Trmn (th-1))
Z{T’E'R\for some i m;(r')=m, m;iy1(r')=n} g}",; (Tmn(tk—l))
1
<
[Z{TIEleOI' some i 7;(r")=m, mi41(r')=n} 9m (Tmn (tkfl))i|
(190G (00) = G o1
{r'eR|for some i 7;(r')=m, w41 (r')=n}
- Z 92; (Trnn (1))
{r’'eR|for some i 7;(r')=m, m;i41(r')=n}
Hence,

I (T (tr))
Z{T’E’R\for some ¢ m;(r")=m, w11 (r')=n} g;; (Tmn (tk))

. I (T (ti—1))
Z{T’G'R\for some i 7;(r')=m, m;4+1(r')=n} g:r/z (Tmn (tk’*l))
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S max Z g:); <?mn (tk)) )

{r'eR|for some i 7;(r')=m, w41 (r')=n}

-1
> Gon Frnn(t1-1))
{r’'eR|for some i m;(r')=m, mi41(r')=n}
|97 (Tran (tr—1)) = G (T (£:)) | + >, I (T ()

{r'eR|for some i 7;(r')=m, miy1(r')=n}

- > 9 (Trn(ti-1)) (21)

{r’'eR|for some i m;(r')=m, mi+1(r')=n}

The key point from the last inequality is that as long as

> i Trun (1)) > 0

{r'eR|for some i 7;(r')=m, m;iy1(r')=n}

or

Z g;;(?mn(tk—l)) > 0,

{r'eR|for some i m;(r')=m, miy1(r’')=n}

then

max > I Fon () |

{r'eR|for some i 7;(r')=m, miy1(r')=n}

Z g:;;</7:mn(tk—1)) 29
{r’eR|for some i 7;(r')=m, m;iy+1(r')=n}
If both are 0, then we can ignore this term in the calculations of TV (g} (T1n(+)))

and TV (Z (" ER|for some i 75 (r)=m, mip1(r')=n} g;;(?mn())>, since the difference is
0, so this term in the calculation of TV is 0.
Therefore, from (20),

K ~
o (Tmn (T
i sup 3 o (Ton (tr)) -
K>1, t4€[0,8], to<t1<-<tr | p—1 Z{T’E'R\for some i 7;(r")=m, mit1(r')=n} gm(Tmn(tk))

I Frnn(t-1)) ‘}

Z{T’ER|for some ¢ m;(r')=m, miy1(r")=n} g;;; <?mn (tk—l))

f
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From (11) and (21),

<o & Xt °

+sup{ | max Z g Gonti)) |

{r’'eR|for some i m;(r')=m, w41 (r')=n}
-1

Z 911;; (Tran (tr—1))

{r'eR|for some i 7;(r')=m, m;iy1(r')=n}

(Z |G (Trn (te=1)) — G (T (k)|

k=1

+2. 2 Gon(Frn (t1))
k=1 {r’eR|for some i m;(r')=m, m;+1(r')=n}
g;; (Timn (te-1))

{r’eR|for some i m(r )=m, mit1(r')=n}

K>1,t,€[0,f],tg <ty <---<tg }~7

<o Eonpr IS
| TV G () + TV > o) | | -2
{r'eR|for some i m;(r')=m, miy1(r')=n} =

{r’eR|for some i 7;(r')=m, mi11(r')=n}

To bound this expression, note that if 7,(r) = m, TV (g}, (-)) < (T/T + 1) -
f = x;. More generally, if there is some i with m;(r) = m, m1(r) = n,
TV(G30()) < X a0 TV (e some im0y, matryny Ion(")) < (N =
1) * Xynn- Hence for any r € R with m,9(r) = n', TV(G;,(")) < Xp@m) and
geqg.

The set G is obviously convex as a product of convex sets. Imposing the
L' norm topology on each component G, Helly’s theorem implies that G" is
compact and hence G is compact as a product of compact sets. What remains
is to show that 7 is continuous. Here we use intensively its definition (19).

Let {g(")¢},~; € G where lim, . g(-); = g(-), and thus lim, . g;(-); =
gr(+) for all 7 € R and n such that 7;(r) = n for some i. We must show
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that lim, o 7(9(-)q) = 7(g(-)). To prove this, we must examine each node
in each admissible route independently. So let us focus on node n (subscript)
in route r (superscript) for the calculations.

Let f(m,n,-,-), be the (unique) solution to the boundary value problem

with initial conditions given by

g(mvnv')q = Z g;(-)q

{reR|ni(r)=m, mit1(r)=n for some i>1}

Let 7., (7), be the corresponding solution to (18). Next we show that in L,
]?(m, n,- ) = limg e ]?(m, n,-, ), exists and is a solution at initial conditions
g(+).  The proof traces back through Strub and Bayen’s (2006) proof that
a solution exists, detailed above, and uses an interchange of limits. The
boundary condition at each link mn for the Godunov approximation is given

by:

s M
Pog = /\(m,n) e /5 g<m7n> )th

s M
Po = )\(m’ n) . /S g(m7n7 )dt

Evidently, p5, — p5- All of the pieces of the proof in Strub and Bayen (2006)

rely on pj , as well as equalities or weak inequalities. So if they hold for every

-~

element of the sequence, they also hold for the limit. Thus, f(m,n,-, ) =

~

lim, o f(m,n,-,-), exists and is the (unique) solution at initial conditions

g().”
Next, we check continuity of the sequence of solutions to the differential

%2 An alternative proof uses the definition of a solution as given in section 2.2. The
sequence satisfies the definition, and what is to be shown is that the limit satisfies it. Since
there is convergence in norm, the tricky part is dealing with the exceptional sets of measure

Zero.
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equation implied by the sequence of solutions to the conservation law.

t ro(o N
/ gm(Tmn(T)) —— . f(m, n,T, )\(m, n))
0 Z{T,€R|fbl‘ some i m;(r')=m, w41 (r")=n} gm(TWm (T))
- I T (7)) = - fm,n, 7, A(m,n)),| dr
Z{T"GRHOI‘ some ¢ m;(r')=m, w1 (r')=n} Im (Tm” (T)q)q
f r ([ ~
< / gm(Tmn(T)) —— . f(m, n,T, )\(m, n))
0 Z{T’G'R|for some ¢ m;(r')=m, w41 (r')=n} gm(Tm” (T))
— I T (7)) = - f(m,n, 7, A(m, n))
Z{r’€R|f0r some ¢ m;(r')=m, miy1(r')=n} Im (Tm" (T)Q)q
+ InTrnn(7)a)a = - f(m,n, 7, A(m, n))
Z{’I"EleOI’ some ¢ m;(r')=m, miy1(r')=n} gm(Tmn (T>q>q
. gm(Tmn(T))q —— . f/\(m, n,T, )\(TTL, n))q dr
Z{r’eRﬁor some ¢ m;(r')=m, miy1(r')=n} Im (Tm’n (T))q
< /t G (Trn (7))
N 0 Z{r’ER\for some ¢ m;(r')=m, miy1(r')=n} 9m (Tmn<7-))
. Iin(Trmn(T)q)q ra
Z{r’eR\for some ¢ m;(r")=m, mit1(r')=n} gfn(Tmn(T)q)q
+ ‘f(m7 n,T, A(mv TL)) - f(mv n,T, )‘(m’ n))q dr
- f : (2 ( )
0 Z{T/€R|for some ¢ m;(r')=m, w41 (r')=n} gm<7—mn(7—))
_ Iin(Trmn(T)g)q S dr
Z{T’GR\for some i w;(r')=m, miy1(r')=n} gm(Tmn(T)q)q
t
+ [ |Fommr M) = Fomm,r Am, ) | dr
0

We consider each of the two terms in (22) separately. For the first term, note
that & is bounded above by v (0, Zyp) < 00, 80 ATy (T)y/dT and dT (7)) /dT
are both bounded away from 0 by 1/v(0,,,,). Hence, sets of measure 0
in time 7 are mapped to sets of measure 0 in the images of 7,,,(-), and
Tmn-  Using Ascoli’s theorem and passing to a subsequence if necessary,
Tmn(*)g — Tma(:) uniformly.  For if not, then lim, .o Tmn(-)q # Tmn(:),
and there are two solutions to the differential equation (12), a contradic-

tion. Since lim, . g%, (-)y = g-,(*) in L' norm, the convergence is a.s. Hence
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9 (Tmn())qg = 90 (Tmn(+)) a.s. By Lebesgue’s dominated convergence theo-

rem, the first term converges to 0.
For the second term in (22), recall that f(m, n, -, A(m,n)) is defined uniquely.

-~ ~

Now suppose that lim, .o, f(m,n,-, A(m,n)), # f(m,n,-, A(m,n)). Then by
Helly’s theorem, we can find a subsequence of {f(m,n,-, A(m,n)),} 2, con-

~ ~

verging to, say, f(m,n,-, A(m,n)) # f(m,n,-, A(m,n)), where convergence is

pointwise and f(m,n, -, A(m,n)) is of bounded variation. By a uniqueness ar-

~

gument given above, it must be that f(m,n,-, A(m,n)) is not the exit density

for a solution. From (17),

/OW) / | Fomnt, ) = Fommt, )] ()90
+ sign <f(m, n,t,A) — J?(m, n,t, A)) . <<I> (f(m, n,t, A)) - ® <f(m,n,t, A))) S (A)p(t)dAdt

>0

For ¢ approximating the indicator function of [0, ], we have:

A(m,n)
limsup/
t—0 Jo
A(m,n)
—liminf/
t—t Jo
A(m,n) t _ R
> [ [sign (Fomomt.8) = Fomon, )
0 0
(@ (Fim.n,t.8)) =@ (Fom,n.t,4)) ) - v/(A)aade

~ ~

Flm,n,t,A) — Fim,n,t, A)’ B(A)A

~ ~

Flm,n,t,A) — Fim,n,t, A)‘ B(A)A

Taking ¢ to approximate the indicator function of [0, A(m, n)],

> lim sup /tsign (f(m, n,t,A) — j?(m, n,t, A)) .
A—A(m,n) JO
(CI) (f(m,n,t, A)) - (]?(m,n,t, A))) dt
— lim Ainfo /tsz‘gn <f(m, n,t, A) — f(m, n,t, A)) .
—0Jo

<<I> (f(m,n,t, A)) - d <A(m,n,t, A))) dt
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In sum, we have:

~

A(mymn)
lim sup/ f(m,n,t,A) — f(m,n,t, A)‘ P(A)dA —
t—0 Jo

A(m,n) | R

Flm,n,t, A) = F(m,n,t, A)‘ D(A)A

lim inf
t—t 0

> lim sup /tsign (f(m n,t,A) — f(m,n,t A))
0

A—X(m,n)

f
(o (Fomon.t, ) — @ (Fomon.t, ) )

—limAinf0 /t sign (f(m,n,t, A) — A(m,n,t, A)) :
—FJo
(@ (FOmn,t, ) = @ (Flm,n,t.A)) ) at

Since the left hand side (the first two terms) are zero, we obtain:

lim Aillfo /Otsign (J?(m, n,t, A) — J?(m, n,t, A)) .
<® (f(m, n,t, A)) - (f(m,n,t, A))) dt

> lim sup /tsign (f(m n,t,A) — A(m n,t A))

A—x(m,n) Jo /
<<I> (f(m,n,t,A)) — < m,n,t, A) ))

As in Strub and Bayen (2006, p. 558), the left hand side is 0. The right
hand side is non-negative (recall that flux ® is strictly increasing in density).

Hence,

~

lim sup /Otsign (f(m,n,t, A) — f(m,n,t, A)>~(<I> (f(m, n,t, A)) - (f(m,n,t, A))) dt

A—A(m,n)
=0

Now since @ is strictly increasing in f, then we know that

f(mana ) A) - (mana ) A)

=0,

Ll

lim sup
A—A(m;n)
implying that f(m,n, -, A(m,n)) = f(m, n, -, A(m,n)) a.s. (t). Both f(m,n, -, A(m,n))
and f(m,n, -, A(m,n)) are of bounded variation, so by Lemma 2.1 and Re-
mark 2.1 of Bressan (2000), by taking right continuous versions, they are in
fact equal, a contradiction. Therefore, the second term in (22) is zero, so the

whole expression is zero, and we have continuity of 7.
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Next we let ¢ — 0. Existence of a limit solution (in terms of exit densities)
follows from Helly’s theorem. Uniqueness follows from the fact that for each
¢ > 0 the Godunov approximation converges in L! to a limit: The approxi-
mations differ only by L! distance at most ¢ - x,,,, on link mn. So if there are
two solutions with different Godunov approximation subsequences converging
in L' to different limits with positive L! distance between them, then choosing
¢ small enough, we obtain a contradiction.

Next, apply Schauder’s theorem to the space G with the L' norm and the
mapping 7. This yields existence of at least one fixed point. To show that it is
unique, find the earliest time at which the two solutions diverge. Observe that
for given initial conditions, behavior within a link is well-defined. So if two
solutions exist and the earliest divergence between them occurs within a link,
we have a contradiction. Thus, the divergence must occur at a node. Finding
the earliest time at which such a divergence occurs, the initial conditions must

be ill-defined, a contradiction.

5.2 Proof of Theorem 2

Proof: A mixed strategy is a measurable map y : C' — [0, 1]R>*T/7=1) " We

use the notation %' to denote a vector component of 4/, so we impose the obvious
condition Zlglx T/7=1 4i(¢) = 1 almost surely in c.
IRIX(T/7—1) ,

First, we can define a strategy distribution as |, oY= ) cy'(c)dp.
Second, we notice that the proof of Theorem 1 does not use tlh_e1 exact dynamic
commuting route structure, but rather the strategy distribution induced by
a dynamic route structure. In other words, the proof of Theorem 1 implies
that for any given strategy distribution, there exists a unique pattern of traffic
flows. Information about which commuter plays each strategy is irrelevant.

Third, we define the utility of a commuter for a mixed strategy and any
strategy distribution. Fix ¢ € C. The utility function u(c; 7%, 1, R) was given
in (10). For pure strategy i corresponding to I(c), R(c), 7%(c), this is written
as u'(c, [y) = u(c;7%1,R). We have argued that in the end the flows
depend only on the strategy distribution. For technical reasons, it is useful
here to define u'(c, [,y) = —oo if m(R(c)) # O(c) or mye(R(c)) # D(c);
utility was undefined for this circumstance. Then for commuter ¢ € C, we
can write the utility from the use of pure strategy i (a route and time of

departure) given an aggregate strategy profile [y, as @'(c, [, y) and u(c,y) =
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at 1)ﬂi(c, Joy), where the dynamic route structure (7%, 1, R) generates
the Zs_tlrategy distribution fc y. For this to be well-defined, we are using the
fact that the utility will depend only on the strategy distribution generated
by the dynamic commuting route structure, and the fact that this can now be
chosen arbitrarily since we no longer stick to the requirement that the origin
and destination nodes are pre-specified. Finally, we can define the utility of
commuter ¢ from using mixed strategy y(c) by y(c) - u(c,y).

It is clear from this set of definitions that our model satisfies two of the
assumptions of Schmeidler (1973), namely the measurability assumption (b)
and the fact that utility depends only on the strategy distribution, not on
individual strategies. ~Assumption (a), regarding the continuity of v in its
second argument, remains to be verified.

We take a sequence of mixed strategies {y,}o2; such that lim, ..y, = y in
the L' weak topology, and prove that for each ¢ € C, lim, ., u(c,y,) = u(c,y).
Our hypothesis implies lim, .o [y, = [,y Let g € G be the fixed point
associated with the initial conditions y,”® and let g, € G be the fixed point
associated with the initial conditions y,. Thus, we have an associated sequence
[9()e}2, € G where for cach ¢, g(), = T(g(-),). Since g is compact,
there is a converging subsequence. Now pass to any converging subsequence,
call it {g(-)qp}:il C G, where lim, . g(-)g, = 9(-). By continuity of 7,
g9(-) = T(g(-)). Hence, g = g, and lim, ..o g, = g. We use an analogous
argument below for both flows and progress along a link.

Define

~

Fon = {f(m,n -,+) measurable on [0, 7] x [0, \(m,n)]
0 < f(

Then we can define:

m,n,-,-) < f as., f(m,n,(),A) ZOVAZO}

N
I #w

m,n=1, m#n

f

R . N
We denote a typical element of F by f = (f(m, n, -, ))

myn=1, m#n

Now for each ¢ there exists a unique solution fq € F associated with

initial conditions g,. There is also a unique flow f € F associated with g.

53 Although ¥y represents a mixed strategy, as we have noted, all that matters is the dis-
tribution of initial conditions (namely the distribution over routes and departure times), so
flows and arrival times can be found uniquely for each mixed strategy profile using Theorem
1.
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Impose the weak™ topology on the flows as a subset of L>®. Applying the
Banach-Alaoglu theorem, there is a converging subsequence. Now pass to any
X C F, where lim,, f(-)qp = f(),
where convergence is pointwise a.s. in (7,A). As in the proof of Theorem 1,
it must be that f = f.

Now for each ¢ there exists a unique solution J, € D associated with flow f;.

converging subsequence, call it {f()qp}

There is also a unique solution § € D associated with f Impose the uniform
topology on the solutions as a subset of Cy. Applying Ascoli’s theorem, there
is a converging subsequence. Now pass to any converging subsequence, call it
{6()g, } 0, € D, where limy, oo 3(-)g, = 6(-).

Next define e(m,n,7,7),, = f(m,n,T, Opmn(T,7)q,)q,- The function e fol-
lows a cohort that begins at 7 along link mn. Since density can only rise long
a link,

TV (Fm, n, -, 8n (7. ), )a, ) < F

So applying Helly’s theorem and passing to a further subsequence if necessary,

lim e(m,n,7,7)q, = €(m,n,7,7)
q—00

where convergence is pointwise in 7 and TV (é(m,n,7,7)) < f.

So for each p,

00n (T, T)g,
or

=0 (f(m, n,T,0(T, T)qp>qp, xmn) =0 (é\(m,n,?, T)qp,xmn)

SO N
lim 00 (T, T)g,

p—oo aT =v (/e\(ma n, ?7 7-)7 xmn)

Next suppose that lim,_,. aé(g’:)‘”’ #* 86((;’7) on a set of positive measure in

7. Hence, by the fundamental theorem of calculus and Lebesgue’s dominated

convergence theorem, there exists 7/ such that

’Tl 7_/

~ 0. (7 OO n (T,
(5mn(/7:7 7',) = /a—émn(T’T) dr :/ lim —éT T)qp dr

or p—00 T
0 0

106,00 (7, 7) TO8m(F )~
= lim [ %qr /LdT = 0 (T, T’
p—oo or 7 or (7.7)
0 0
This is obviously a contradiction. So lim,_,« ‘9‘5%;?7):;;9 = 35’"5?’7) a.s. From

(6) we know that 6,,,(7,7) = 0pmn(7,7) = 0, so by integrating, 6(-) = 8(-).
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Fix a route r and a departure time 7. Define

N G min{O <7<t Opn(T,7) = )\(m,n)}
= 0 (A(m,n))(7)

Now let 7¢ and 7% be origin departure time choices for route r, and let 7 and

7/ be associated perturbations, where 7 = 7¢ + 7 and 7 = 7% + 7/. Then

A(m,n) . ‘A

~/
T—T

Tmn<7—) N Tmn(T )| = U(O, ZEmn) - U(T? l’mn)

Thus, arrival time at the final destination can be written as: 7, (Td + 7 ) =

T;kr(l—l)ﬂr(l) (T;(z—z),n(z—n < : 'T;kr(l),w(Q) (Td + T/) : )) Hence,

- (i), m(i +1))

~ d / ~ [~d | =~ d & ,
‘71(7‘ —I—T)—Tz(T -|—7'> < _|7_ +r—1T _7_|
i=1 v(0 » L (i), w(z+1)> - U(f>mﬂ(i),w(i+1))
A
< (I-1)- (max{ (m,n)_ }) -‘Td—i-T_Td/_T,‘
m,n U(O, xmn) - U(fv xmn)
Define
= {7 — [0,%] measurable | |7 (7 Tpr) =7 (7 + )]

AN 2 e P

By Ascoli’s theorem, T, is a compact subset of (.
For each ¢ there is a unique 0(-), and thus a unique 7 (-) g € T;. There
is also a unique 7;(-) € T, associated with 6(-). So there is a converging

subsequence associated with {d(-),},Z,. Now take any converging subsequence

of {?l(-)q} , call it {?l(-)q } . It has a limit: 7;(-) € Y,. Suppose
q=1 P Jp=1

that 77 (-) # 7, (-). Now since {4(-),, }20:1 converges uniformly to J(-), for each

T+ 7 €0,T], limy oo 71 (74 + T’)q

contradiction.

= 71 (4 +7'), soin fact 7, (-) =7, (), a

Apply Schmeidler (1973), theorems 1 and 2, there exists a Nash equilibrium
in pure strategies.

Finally, consider the case where ® is non-decreasing (instead of strictly
increasing) in f, and as always ®(f) = v(f) - f. Let 0(f) = v(f) + ¢, where
€ > 0 is small. Then since v(f) is non-increasing in f, so is U(f). Moreover,
N =0(f) f=(f)4e)-f=(f)+e-f,s0od(f) is strictly increasing
in f. Apply our results to the modified game using v(f) and 6( f) to obtain

an equilibrium in pure strategies for each €. As the number of strategies
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is actually finite, we can find an accumulation point of the strategy profile as
e — 0. Using continuity of the payoffs (as demonstrated above), by a standard

argument the accumulation point is an equilibrium profile for € = 0.

5.3 Proof of Theorem 3

Proof: Given an outward bound tree network, there is no route choice. The
strategy profile we propose as a Pareto efficient Nash equilibrium is to distrib-
ute each type of commuter, where type is defined as an origin-destination pair,
uniformly across all departure times. This creates equal volume. We choose
the minimal density consistent with this volume (since volume is continuous,
such a density exists). Clearly this is a Nash equilibrium, as all commuters
of a given type have the same travel time and thus receive the same utility.
Now suppose that there is a strategy profile that Pareto dominates the Nash
equilibrium profile. Thus, it must be that there is some departure time that
has a higher than average density. For this departure time, there is some type
that has a higher than average density (where the average is over departure
times for this type). The commuters of this type with this departure time
will have a longer commute than at Nash equilibrium, contradicting that the

alternative strategy profile Pareto dominates the Nash equilibrium profile.
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