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Abstract

In this paper we present a dual-time-scale formulation of dynamic user equilibrium (DUE) with demand
evolution. Our formulation belongs to the problem class that Pang and Stewart (2008) refer to as
differential variational inequalities. It combines the within-day time scale for which route and departure
time choices fluctuate in continuous time with the day-to-day time scale for which demand evolves in
discrete time steps. Our formulation is consistent with the often told story that drivers adjust their
travel demands at the end of every day based on their congestion experience during one or more previous
days. We show that analysis of the within-day assignment model is tremendously simplified by expressing
dynamic user equilibrium as a differential variational inequality. We also show there is a class of day-
to-day demand growth models that allow the dual-time-scale formulation to be decomposed by time-
stepping to yield a sequence of continuous time, single-day, dynamic user equilibrium problems. To
solve the single-day DUE problems arising during time-stepping, it is necessary to repeatedly solve a
dynamic network loading problem. We observe that the network loading phase of DUE computation
generally constitutes a differential algebraic equation (DAE) system, and we show that the DAE system
for network loading based on the link delay model (LDM) of Friesz et al. (1993) may be approximated by
a system of ordinary differential equations (ODEs). That system of ODEs, as we demonstrate, may be
efficiently solved using traditional numerical methods for such problems. To compute an actual dynamic
user equilibrium, we introduce a continuous time fixed-point algorithm and prove its convergence for
effective path delay operators that allow a limited type of nonmonotone path delay. We show that our
DUE algorithm is compatible with network loading based on the LDM and the cell transmission model
(CTM) due to Daganzo (1995).We provide a numerical example based on the much studied Sioux Falls
network.

Keywords: dynamic user equilibrium; differential variational inequalities; differential algebraic equa-
tions; dual-time-scale; fixed-point algorithm in Hilbert space

1 Introductory Remarks

Dynamic traffic assignment (DTA) is usually viewed as the positive (descriptive) modeling of time varying
flows on vehicular networks consistent with established traffic flow. This paper is concerned with a specific
type of dynamic traffic assignment known as continuous time dynamic user equilibrium (DUE) for which unit
travel cost, including early and late arrival penalties, is identical for those route and departure time choices
selected by travelers between a given origin-destination pair. We study the special case for which travel
demand is constant within each given day of interest, although it evolves from day to day. This special case
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is the simplest plausible circumstance under which a discrete-time, day-to-day model of demand learning
may be coupled to a continuous-time, within-day DUE model. In presenting such a dual-time-scale theory,
we employ demand evolution dynamics motivated by evolutionary game theory. No doubt more complicated
dual-time-scale models can and will be proposed; nonetheless, it is fitting that, as the first such model
reported in the dynamic traffic assignment literature, our formulation is particularly easy to understand and
to solve by a combination of decomposition via time-stepping and fixed point iterations in a function space’.

In Sections 2 and 3, we quickly review some already well known material concerning the history of dy-
namic user equilibrium modeling and computation. In Section 4, we present our dual-time-scale formulation.
In the same section, we also show that any continuous time within-day variational inequality formulation of
DUE is naturally re-expressible as a differential variational inequality. We go on to show that such a dif-
ferentiable variational inequality is easily analyzed using elementary optimal control theory. That analysis,
elegant in its simplicity and conciseness, is important from a pedagogical point of view and should make
the theory of continuous time DUE accessible to a wider body of scholars. Section 6 present a fixed point
algorithm for within-day DUE and its convergence for a limited class of non—monotone delay operators. The
same section also presents an algorithm for calculating the day-to-day evolution of travel demand consistent
with intra-day dynamic user equilibria. Section 7 discusses dynamic network loading from the point of view
of differential algebraic equations and gives a detailed procedure for DNL when the link delay model of Friesz
et al. (1993) is employed. Section 8 presents the results of several numerical examples.

2 Current State of DUE Scholarly Inquiry

Numerous scholarly teams working independently around the globe have slowly made advances in modeling
and computing dynamic use equilibria. In fact, DUE modeling and computation have now reached a point
where substantial agreement exists regarding the general content of a mathematical model of dynamic user
equilibrium, the desired standards of performance for algorithms that compute DUE flow patterns, and
critical unanswered research questions. To document this emerging consensus, in Section 3 we review some
of the most significant analytical dynamic user equilibrium models that have been proposed, along with
associated algorithms for their solution. That review stresses DUE modeling perspectives that are widely
held and widely employed for DUE computational research. Those perspectives must be assessed in the light
of available and emerging mathematical and algorithmic tools; when that is done, the following observations
may be made:

Observation I Among analytical DUE models, there are no dual-time-scale models recognizing tactical
routing and departure time decisions are made in continuous time (the within-day time scale) while
demand evolves in discrete time (the day-to-day time scale) and that the two time scales are coupled,
although there is considerable agreement that this dichotomy of time scales is apropos.

Observation IT We may distinguish two essential aspects of modeling dynamic user equilibrium for the
within-day time scale: (i) dynamic network loading and (ii) simultaneous route and departure time
equilibria, where dynamic network loading (DNL) subsumes the modeling of delay, flow evolution (arc
dynamics) and flow propagation (enforcement of traffic laws during flow evolution).

Observation III Simultaneous route and departure time choice are integral to the definition of a dynamic
user equilibrium and have to date been mainly expressed as variational inequalities, quasi-variational
inequalities or complementarity problems, either in discrete time or continuous time. However, the
emerging literature on abstract differential variational inequalities has not been well exploited for
either modeling or computing simultaneous route and departure time equilibria.

Obsevation IV Little agreement exists regarding an appropriate mathematical formulation of network
loading. Furthermore, the emerging literature on differential algebraic equations, despite its focus on
problem structures like those encountered in network loading, has not been exploited.

! Evolutionary game theory is an appealing foundation for modeling day-to-day demand evolution, as it is principally con-
cerned with dynamic learning processes. Excellent presentations of evolutionary game theory are provided by Hofbauer and
Sigmund (1998) and Samuelson (1998).



Observation V Fully general path delay operators may fail to be monotonic and/or differentiable. Rigor-
ously convergent algorithms for determining path departure rates that constitute a user equilibrium
for such general path delay operators have not been available.

In this paper we make contributions related to each of the above observations. Specifically, we accomplish
the following:

1. the formulation of a dual-time-scale model of dynamic user equilibrium that endogenizes day-to-day
evolution of travel demand;

2. the expression of a version of simultaneous path and departure time equilibrium as a differential
variational inequality that subsumes several of the key models we review, simplifies the analysis of
equilibrium conditions, and provides direct access to the growing literature on differential variational
inequalities;

3. a continuous time algorithm for our differential variational inequality formulation that accommodates a
range of DUE models, including those with path delays that are non-differentiable, and/or determined
by a separate simulation model;

4. a proof of convergence for the continuous time algorithm that admits a limited class of non-monotonic
effective delay operators; and

5. a simplified network loading procedure, in the form of a system of ordinary differential equations, that
is applicable when the link delay model of Friesz et al. (1993) is employed to describe arc delay and
that allows the efficient calculation of path delays for each vector of departure rates encountered during
the computation of a dynamic user equilibrium.

Our dual-time-scale formulation of dynamic user equilibrium with demand growth belongs to the problem
class known as differential variational inequalities, according to terminology introduced by Pang and Stewart
(2008). Our formulation combines the within-day time scale for which route and departure time choices
fluctuate in continuous time with the day-to-day time scale for which demand evolves in discrete time steps.
For our differential variational inequality formulation, we present and establish convergence of an algorithm
that solves day-to-day subproblems using a time-stepping approach and within-day subproblems using a
continuous time fixed point scheme. We report numerical tests indicating our DUE algorithm and our DNL
procedure, separately and in tandem, are scalable and practical for real applications in a deliberate planning
context.

3 Details of Prior DUE Models and Algorithms

Dynamic user equilibrium models, as noted by Peeta and Ziliaskopoulos (2001), tend to be comprised of five
essential submodels:

1. a model of path delay;

2. flow dynamics;

3. flow propagation constraints;

4. a route and departure-time choice model; and

5. a model of demand growth.

Dynamic user equilibrium models from the early 1990s forward have been largely concerned with the solution
of submodels 1 through 4 above, concentrating on the so-called within-day time scale for which drivers make
tactical routing and departure decisions. The notion of “day” here is quite arbitrary and could be any
portion of an actual day for which there is a significant, discernible fluctuation in travel demand. It has
become common place to use the appellation dynamic network loading (DNL) to refer to the determination



of arc-specific volumes, arc-specific exit rates and experienced path delay when departure rates are known for
each path. As such, dynamic network loading is typically represented by submodels 1, 2 and 3 above, while
submodel 4 (simultaneous route and departure choice) mathematically articulates the notion of dynamic
user equilibrium in computable form; it is the actual traffic assignment aspect of dynamic user equilibrium
modeling. Submodel 5, demand growth, occurs on the day-to-day time scale and allows travel demand to be
updated. It is not meaningful to speak of a sequential solution of submodels 1 through 4 without feedback
among them. However, we will see ultimately that submodel 5 can be treated sequentially when certain
assumptions are made.

The analytical DUE models developed in the early 1990s were influenced greatly by the dynamic system
optimal models of Merchant and Nemhauser (1978a,b) who proposed an especially simple type of arc dy-
namics that still influences present day DUE models. In particular, if one posits that it is possible to specify,
or to mathematically derive from some plausible theory, functions that describe the rate at which traffic
exits a given network arc for any given volume of traffic present on that arc, one is lead to some deceptively
simple arc dynamics. To express this supposition symbolically, let z, (¢) denote the volume of traffic on arc
a at time ¢ and let g, [z, (£)] be an exit function that gives the rate at which traffic exits from link a. Also
let the rate at which traffic enters arc a be denoted by u, (t). Note that both g, [z, (t)] and u, (t) are rates;
that is, they have the units of volume per unit time, so it is appropriate to refer to them as exit flow and
entrance flow, respectively. A natural flow balance equation can now be written for each link:

dz,
dt
where every arc of the network of interest is directed and A denotes the set of all arcs. In (1) each u, (¢)
is treated as a control variable. Although (1) is a fairly obvious identity, it is an approximation that only
becomes exact when arcs are of infinitesimal length and traffic interactions with other links do not occur. The
same dynamics were employed by Friesz et al. (1989) and Wie et al. (1995) in an effort to develop a model
of dynamic user equilibrium. However, their model relied on difficult to interpret dynamic shadow prices
and does not yield true dynamic user equilibria relative to route and departure time decisions. Moreover,
the exit flow functions used in (1) have been widely criticized as difficult to specify and measure. Exit flow
functions allow for the potential violation of the first-in-first-out (FIFO) queue discipline as illustrated and
discussed by Carey (1986, 1987, 1992, 1995). However, Carey and McCartney (2004) shows that the violation
of FIFO is largely dependent upon time and space discretization schemes. Additionally, Carey (2004a) and
Carey (2004b) show that exit flow functions satisfy FIFO but not causality. Another problem with exit
flow funcions is that an inflow at any time ¢ instant affects the outflows at the same time instant t. These
difficulties have caused almost all researchers studying dynamic network flow problems to abandon dynamics
based on exit flow functions.
We point out that the Merchant-Nemhauser model employed flow conservation constraints of the following
form for the case of a single origin-destination pair:

Sk(t) = Z Uq(t) — Z Jalza ()] VEEN (2)

acA(k) beB(k)

=ua (t) = galza ()]  VacA (1)

where A (k) is the set of arcs with tail node k, B (k) is the set of arcs with head node k, and N is the set of
all network nodes.

An intriguing modification of the Merchant-Nemhauser arc dynamics was proposed by Ran et al. (1993).
Their idea was to employ dynamics that treat both arc entrance and exit flows as control variables; that is

ij - .
Wi () -0 () VacAlig)eW Q

where W is the set of all origin-destination pairs, x% (¢) is the flow on arc a traveling between origin-
destination pair (i,j) € W, while u% (t) and v/ (t) denote the rates at which traffic also traveling between
(i,7) enters and exits arc a, respectively. Two types of flow propagation constraints for preventing instan-
taneous flow propagation and ensuring the FIFO queue discipline have been suggested by Ran et al. (1993)
and Ran and Boyce (1996) for dynamics (3). The first is stated as:

UP(t)=VP[t+ A, ()] YacApeP



where UP () and V? (-) are the cumulative numbers of vehicles associated with path p which are entering
and leaving link a respectively, while A, (¢) denotes the time needed to traverse link a at time ¢ and P is
the set of all paths. The meaning of these constraints is fairly intuitive: vehicles entering an arc at a given
moment in time must exit at a later time consistent with the arc traversal time. The second Ran et al. type
of flow propagation constraint is much more notationally complex and is omitted here for the sake of brevity.
Suffice it to say that constraints of this second type are articulated in terms of path-specific arc volumes and
are meant to express the idea that path-specific traffic on an arc must ultimately visit a downstream arc or
exit the network at the destination node of the path in question. Ran et al. argue that by enforcing this
consideration they rule out FIFO violations and instantaneous flow propagation anomalies. Ran et al. (1993)
employ a Beckmann-type objective function to create an optimal control model with dynamic user equilibria
as solutions. Subsequently Ran and Boyce (1996) use the same general flow dynamics and constraints with
variational inequalities to model dynamic user equilibrium.

Friesz et al. (1993) introduced the notion of exit time functions together with a variational inequality to
describe dynamic user equilibrium; that model is consistent with FIFO for appropriate arc delay functions,
even though explicit flow propagation constraints are not employed. In particular, they introduce a function
£ (t) that expresses the time of exit from arc a; of every path

p= {al, Ay eeey Qi 1y Ay Ajt 1y vnnsy am(p)} epP,
where P is the set of all network paths. The exit time functions obey the recursive relationships

gl =1+ Dy, [mal (t)} VpeP (4)

L=, 0+ Da [ (€, )] VpeP ic2mp) (5)

where Dy, [z4, (t)] is the time to traverse arc a;; it is a function of the number of vehicles z,, in front of the
entering vehicle at the time of entry. This model of arc delay is herein called the link delay model (LDM).
Friesz et al. (1993) also give a continuous time articulation of flow conservation based on a fixed within-day
trip matrix:

Z/O hy (8 dt = Qi V(iij) €W (6)

PEP;;

where W is the set of all origin-destination pairs, P;; is the set of paths connecting (4,7) € W and h,, (t) is
the departure rate from the origin of path p € P;;, while Q;; is the travel demand between (7,5) € W and
[0,T] € 5)‘& is the continuous time interval representing a single day or commuting period of interest. They
used (4) and (5) together with dynamics expressed as integral equations involving inverse exit time functions
to define an effective path delay operator. That operator, in turn, was used with (6) and non-negativity
restrictions to construct an infinite dimensional variational inequality whose solutions are dynamic user
equilibria; their formulation is the first expression of dynamic user equilibrium as a variational inequality.
Subsequently, Wu et al. (1998) and Xu et al. (1999) developed algorithms for the Friesz et al. (1993) model. In
particular they studied the use of the projected gradient method and solved some modest size test problems,
but did not provide useful convergence results. Zhu and Marcotte (2000) prove the existence of solutions to
the Friesz et al. (1993) model when departure rates are stipulated to be bounded from above. More recently,
Bliemer and Bovy (2003) have extended the Friesz et al. (1993) formulation by introducing multiple user
classes, thereby creating a quasi-variational inequality.
Friesz et al. (2001) employed path delays computed from (4) and (5) with dynamics

%}(’f) = hy(t)—gb (t) VpeP ™)
dx%t(t) = g W—gh(t) VpePicl2,m(p), (8)

where z£(t) is the volume of traffic on arc a; of path p for i € [I,m (p)] and g% (t) denotes the flow exiting
that same arc, to formulate the dynamic user equilibrium problem as a differential variational inequality that



is completely equivalent to the Friesz et al. (1993) infinite dimensional variational inequality formulation.
Friesz et al. (2001) included in their formulation the flow propagation constraints

Gar (t+ Day 30, (D)) (1+ Dl [0y ()]0 ) = by (1) (9)
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which are identical to those proposed by Astarita (1995) and which include consideration of expand-
ing/contracting platoons of vehicles. Friesz and Mookherjee (2006) propose and test a fixed point algo-
rithm implemented in continuous time to solve the differential variational inequality formulation of Friesz
et al. (2001); that algorithm requires monotonic path delay operators to assure convergence and, hence, is a
heuristic in practice.

The paper by Li et al. (2000) is one of several that uses the Friesz et al. (1993) recursive equations (4) and
(5) that are based on exit time functions along with the flow propagation constraints (9) and (10) to express
path delay and assure physically meaningful flow. They express the DUE conditions in discrete time and
show it is equivalent to a finite dimensional variational inequality. They offer an ad hoc algorithm without
discussing convergence.

The recursive equations (4) and (5) and flow propagation constraints (9) and (10) also have much in
common with the path delay submodel employed by Tong and Wong (2000) in their study of dynamic
user equilibrium with bounds on queue length. They too employ a finite dimensional variational inequality
formulation to represent a discrete time version of DUE. However, they also propose and successfully test
a time-dependent shortest path algorithm in conjunction with incremental loading to compute DUE flows.
Huang and Lam (2002) determine path delay using a nested delay function reminiscent of that arising from
the recursive relationships (4) and (5); they like several authors before them also use a finite dimensional
variational inequality representation of discrete time DUE. Their choice of algorithm is a heuristic route
swapping technique that becomes exact only when monotonicity is present, a result that is common in the
DUE literature.

An alternative to dynamics like (1), (3), (7) and (8) is provided by the cell transmission model (CTM),
which is the name given by Daganzo (1994) to discrete time dynamics that approximate the Lighthill-
Whitman-Richards (LWR) kinematic wave model of traffic flow (Lighthill and Whitham, 1955; Richards,
1956) and have the form:

ri(t+1)—z;(t) = y; )=y (?) (11)
y; (1) = min{z; 1 (), Q; (1), [N (t) —xz; (t)]} (12)

where ¢ is now a discrete time index and a unit time step is employed. In the above, the subscript j € C'
refers to a spatially discrete physical “cell” of the highway segment of interest while (j — 1) € C refers to
the cell downstream; C' is of course the set of cells needed to describe the highway segment of interest.
Similarly to before, z; (t) refers to the traffic volume of cell j. Furthermore, y; (¢) is the actual inflow
to cell j, Q; is the maximal rate of discharge from cell j, INV; is the holding capacity of cell j, and a is
a parameter. Daganzo (1995) shows how (11) and (12) can be extended to deal with network structures
through straightforward bookkeeping. Note that (12) is a constraint on the variables x; (¢) and y; (t). The
language introduced previously is readily applicable to the cell transmission model; in particular (11) are
arc (cell) dynamics (although now several dummy arcs can make up a real physical arc) and (12) are flow
propagation constraints. The cell transmission model also includes an implicit notion of arc delay. That
notion, however, is somewhat subtle: namely delay is that which occurs from traffic flowing in accordance
with the fundamental diagram of road traffic. This is because (12), as explained by Daganzo (1994), is really
a piecewise linear approximation of the fundamental diagram of road traffic.

Lo and Szeto (2002) employed the CTM to create link dynamics; they also present a route travel time
extraction procedure that allows the CTM to subsume the role of the effective path delay operator described
by Friesz et al. (1993). The Lo and Szeto (2002) model is expressed in discrete time and is, hence, finite
dimensional. They use a discrete version of (6) to express flow conservation and describe the dynamic user



equilibrium itself as a finite dimensional variational inequality that is the discrete time equivalent of the
infinite dimensional variational inequality formulation of Friesz et al. (1993). They propose and test an
alternating direction method for solving their variational inequality formulation. Convergence is proven
based on the assumption that the relevant operators are co-coercive. Co-coercive mappings are monotone
and Lipschitz continuous over their domain of definition, although the converse does not hold in general. As
a consequence the Lo and Szeto (2002) convergence result does not consider the potentially non-monotonic
delay operators we address in subsequent sections of this paper. Szeto and Lo (2004) extend the Lo and
Szeto (2002) modeling framework to consider dynamic user equilibrium with elastic travel demand.

Nie and Zhang (2010) use the Friesz et al. (1993) notion of an exit time function to develop recursive
formulae for travel time that are equivalent to (4) and (5). They also use (6) to express flow conservation. To
these model features, they add arc dynamics and nodal dynamics, the latter to enable the direct consideration
of queues. Three different models of arc dynamics are considered: the link delay model, the spatial queue
model, and a kinematic wave model based on the LWR theory of traffic flow. Nie and Zhang (2008a) also
present a rather general model of traffic flow through nodes, based on notions of virtual demand and virtual
supply. The dynamic origin-destination demand estimation problem itself is modeled as a finite dimensional
variational inequality that is the discrete time equivalent of the infinite dimensional variational inequality
formulation of Friesz et al. (1993). Furthermore, Nie and Zhang (2008a) propose to solve their variational
inequality formulation using an equivalent mathematical program based on the idea of a gap function; they
test feasible direction methods and the method of successive averages for solving that program. They too
do not provide regularity conditions that assure convergence of the algorithms tested.

Ban et al. (2008) employ the arc dynamics (7) and (8) and flow propagation constraints that are a
modified version of (9) and (10). They also express flow conservation at the nodal level using constraints
similar to (2); as a consequence their definition of dynamic user equilibrium identifies least travel cost as
the difference of nodal dual variables. Moreover, they formulate their notion of dynamic user equilibrium
as a mixed complementarity problem (MiCP) for which they provide a discrete time approximation. They
propose and test a heuristic algorithm based on a partial relaxation of the MiCP.

Important contributions to the literature on arc and path delay dynamics were made in a series of papers
by Perakis (2000), Kachani and Perakis (2001), Kachani and Perakis (2002) and Kachani and Perakis (2010)
based on the LWR theory but without creating cells. Using the physical length of a path, they derive a
constrained differential equation for each path whose solution gives path delay in continuous time. However,
the interactions of paths traversing the same arc are not considered and FIFO is not assured when this model
is applied to a general network. Perakis and Roels (2006) continue the aforementioned exploration of the
LWR model. They are able to derive delay functions for specific flow, spatial and time regimes associated
with the propagation of kinematic waves along a roadway arc. They do not consider traffic interactions
among arcs incident to the same node, although their delay functions do include exogenous time-dependent
functions associated with arc entry and exit that can in principle be adjusted to account for such interactions.
They are able to show that their derived delay functions are monotonic, continuous and preserve the FIFO
queue discipline provided the rate of evolution of density obeys certain inequalities. They mathematically
articulate a dynamic user equilibrium without departure time choice as a path-based infinite dimensional
variational inequality whose principal operator is a pure function of time. They propose a version of the
Frank-Wolfe algorithm for application to a discrete time approximation and present numerical results for a
two arc example problem. Their procedure for computing a dynamic user equilibrium depends on a flow
propagation mechanism that does not have a complete mathematical articulation; in particular, Perakis and
Roels (2006) remark that “Further research is necessary to develop a mathematical formulation of the flow

propagation (mechanism) ...”.

4 The Within-Day Differential Variational Inequality Formulation
We will, for the time being, assume the time interval of analysis is a single commuting period
[th tf] - §R}4—

where t; > ty5. The most crucial ingredient of a dynamic user equilibrium model is the path delay operator,
which provides the delay on any path p per unit of flow departing from the origin of that path; it is denoted



by
D,(t,h) VpeP

where P is the set of all paths employed by travelers, ¢ denotes departure time, and h is a vector of departure
rates. From these we construct effective unit path delay operators ¥, (¢, h) by adding the so-called schedule
delay F' [t 4+ D,(t, h) — Tal; that is

U,(t,h) = Dp(t,h) + F[t+ Dp(t,h) —Ta] VpeP
where T'4 is the desired arrival time and T4 < ty. The function F (-) assesses a penalty whenever
t+ Dy(t,h) # T (13)

since t + D (¢, h) is the clock time at which departing traffic arrives at the destination of path p € P. As
we have noted in Section 3, the path delay operators may be obtained from an embedded delay model,
data combined with response surface methodology, or data combined with inverse modeling. Unfortunately,
regardless of how derived, realistic path delay operators do not possess the desirable property of monotonicity;
they may also be non-differentiable. We will have more to say about path delays when we discuss dynamic
network loading in Section 7.4.

For the time being, there will be a fixed trip matrix

Q= (Qij: (1,5) € W)

where each Q;; € %i . is the fixed travel demand, expressed as a volume, between origin-destination pair
(¢,7) € W and W is the set of all origin-destination pairs. Additionally, we will define the set P;; to be the
subset of paths that connect origin-destination pair (i,5) € W. We denote the space of square integrable
functions for the real interval [to,tf] by L? [to, ts]. We stipulate that

he (L2 [tots)) ™!

We write the flow conservation constraints as

> /‘f hp () dt = Qij Y (i,5) €W (14)

peP;; ' to
where (14) is comprised of Lebesgue integrals. We define the set of feasible flows by
Ao={h>0: 3 /tf hy(B)dt = Qi V(ij) €W S C (12 [to.tf]) 7
peP;; Y to
Let us also define the infimum of effective travel delays
v;j = essinf [W,(¢t,h) :pe Pyl Y (i,j) €W
We now offer the following definition of dynamic user equilibrium first articulated by Friesz et al. (1993):
Definition 1 Dynamic user equilibrium. A vector of departure rates (path flows) h* € Ay is a dynamic user

equilibrium if
h; (t) >0,p € Pij — \I/p [t, h* (t)} = Vj;

We denote this equilibrium by DUE (U, Ao, [to,tf]).

The meaning of Definition 1 is clear: positive departure rates at a particular time along a particular path
must coincide with least effective travel delay. An implication of the definition is that

\pr(t,h*) > Vi, p € Pij - h;; =0



Using measure theoretic arguments, Friesz et al. (1993) established that a dynamic user equilibrium is
equivalent to the following variational inequality under suitable regularity conditions:

find h* € Ag such that

ty

Soep | Wt h*)(hy — h2)dt > 0 (15)
t
" Vhe A

It has not been previously noted, however, that (15) is equivalent to a differential variational inequality. This
is most easily seen by noting that the flow conservation constraints may be re-stated as

dy” =S n Y (i,j) € W
peEPi;
yij(to) =0 V(Z,]) cw
vij (tr) = Qij  V(i,5) €W

which is recognized as a two point boundary value problem. As a consequence (15) may be expressed as the
following differential variational inequality (DVI):

find h* € A such that
ty

ZpE'P U, (¢, h*)(hy — h;)dt >0 » DVI(¥,A,[to,tf]) (16)
to
Vh € A

where

dyi o
A= hZO y] = Z h y Yij tO)—O Yij (tf) Qz] V(Z,j)EW
pEP;;

Theorem 1 Dynamic user equilibrium equivalent to a differential variational inequality. Assume U,(-, h) :
[to, 5] — §Ri is measurable and strictly positive for all p € P and all h € A. A wvector of departure rates
(path flows) h* € A is a dynamic user equilibrium if and only if h* solves DVI(¥, A, [to,tf]), as defined by

(16).

Proof: This proof may be most easily carried out using the necessary conditions of optimal control theory.
The measurability assumption assures that the integrals used in articulating DVI(¥, A, [to,tf]) are well
defined. The proof is in two parts.

(i) [DVI(¥, A, [to, tf]) = DUE(¥, A, [to,ts])] The differential variational variational inequality of inter-
est may be written as

> Z/ th*hdt>z Z/ p(t, W) hdt Vh € A

(i,7) €W PEP;; (4,5)EW PEP;;

which means that the solution h* € A satisfies the optimal control problem

min Jy = Z ;5 [Qij — Yij (tg)] Z Z/ *Vhpdt (17)

(1,5)eEW (4,5)EW PEP;;
subject to
dyi; .
= D () Y(j)ew (18)
PEPij
Yij(to) = 0 V(i,j) €W (19)
h =20 (20)



where the v;; are presently dual variables for the terminal conditions on the state variables. The Hamiltonian
for problem (17), (18), (19) and (20) is

H = > > Utk + Y. A Y hy

(i,j)eWpePij (1,7)€W ;DEPU

Do 2 A + Al hy

(i,7)EW |\ PEP:;

where the adjoint equations are

dAij OH o
= — = s , 21
dt Ayi; 0 V(i,j) € W,p € Pyt € [to, tf] (21)

with transversality conditions

92 pew vig [Qig — yij (T))]
Aij (T) = Byi; (T) = —uv;; = constant

v(i,j)ewapepijvte[t()atf] (22)

The implication of (21) and (22) is of course that
Aij(t) = —vi; Y (i,5) € W,t € [to, ty]
The controls must obey the minimum principle in RIP! for each instant of time; that is, they must solve
minH st. —h<0

for which the Kuhn-Tucker conditions are

Wp(t, k") —vij =p, >0 V(i,j) € W,p € Pij,t € [to, ty] (23)
where the p,, are dual variables satisfying the complementary slackness conditions

pphp =0 Y (i,5) € W,t € [to, 1] (24)

From (23) and (24) we have immediately the conditions of a dynamic user equilibrium, namely

h;; > 0,pe€ Pij — \pr(t,h*) = Vjj
\I/p(t, h*) > vij,pEPij — h;zo

with the obvious interpretation that each dual variable v;; is the essential infimum of the effective unit path
delay ¥, (¢, h*). Thus, we are assured that any solution of our differential variational inequality is a dynamic
user equilibrium relative to path and departure time choice.

(ii) [DUE(¥, A, [to, tf]) = DVI(T, A, [to, ts])] For a dynamic user equilibrium we have

\I/p(t, h*) > Vij V(Z,]) € W,p < Pij,t S [to,tf] (25)
Therefore if (hp — h;) > 0 we have
U, (t, h") (hp — h;) > 45 (hp — h;) V(i,5) € W,p € Pij,t € [to, ty] (26)

However
(hp —hy) <O = hi>hy, >0=h}3>0

10



which requires (25) to hold as an equality, thereby assuring (26) is valid for any h,, » € (2. As a consequence,
we may sum and integrate both sides of (26) to obtain

Z/tf U, (t,h*) (hy — BE) dt > Z/tfvij (hp — h3)

pep Vo pep Vo

= > vy Z/ (hp = hy)
(i,7)EW pEP;;
= Y vi(Qy—Qy)=0

(i,7)EW

This completes the proof. B

5 A Simple Dual-Time-Scale Model

We wish to give a mathematical statement of the following story. Tomorrow’s travel demands are deter-
mined tonight after travelers come to rest and reflect on their past congestion experience; this may include
consideration of the entire historical congestion record up to and including today. Tomorrow morning every
traveler begins to fulfill his/her travel needs expressed as aggregate origin-destination travel demands, mak-
ing tactical departure time and route choice decisions in continuous time. Tomorrow ends and reflection
on the historical congestion experience (which is now one day longer) leads to new travel demands, to be
implemented the next morning. Let
Ter={1,2,..,N}

be one typical discrete day and take the length of each day to be A, while the continuous clock time within
each day reads t € [(1 — 1) A, 7A] for all 7 € {1,2,..., N}. The entire planning horizon spans N consecutive
days. Let us suppose we have a demand growth model of the abstract form

QT+1 _ fij ( Z—Jv hl h2 hT; 0)
V(i,j)eW, T€{1,2,..N -1}

o> 0 VY(@E,j)ew, re{2,..,N}

ij =

le = KijE%i V(Z,])EW
where
i;j = origin-destination travel demand V (i,7) € W, 7 € {1,2,..,N}
Q" = (QF: @5 eW)
Q = (Q:7€X)
K;; = aknown, non-negative constant V(i,j) € W
hm = (b :pEP)
h = (h:7e7)
# = a vector of model parameters

Note the change in notation: now h is a tuple of daily flow vectors h” rather than merely a vector of flows
for one representative day. Also we define

A2QT)={ K" >0: Z/ t)dt = Y (i,j) € W

PpEP;; (r—1)- A

which is of course equivalent to

dy;; .
Ar(@) = Q72 0: 0= 37 by (), iy [T = 1) - Al =0, gy (- 8) = QF V(i,5) €W
pEP;;

11



We note that
[P

A-(@Q7) € (L [r- A (1= 1) A))
and also define N
2@ = T14@Q)
A dual-time-scale model of dynamic user equilibrium with endogenous demand growth is
find Q* > 0 and h* € A (Q*) such that

T-A
oep . A\pr(t,/f*) (hy —h7*)dt >0 VYreY,h7 €A, (Q7)
=1 (27)
QUM = Fij (Qr, h™ A7~V . W1 0) Y (i,5) € W,T € {1,2,..,N — 1}

%] ij

};‘ =K;; V(,j)ew
This is the most basic model one can articulate about demand growth.

The dual-time-scale model (27) belongs to a class of differential variational inequalities that Pang and
Stewart (2008) observe may be solved by time stepping, so that exactly one continuous time variational
inequality is faced for each day 7. To understand why time-stepping works for (27), note that when 7 = 1
we know each ng’-“ = K;; so that we also know

QY = (Kij : (i,4) € W)

Thus, we face the well-defined problem of finding h'* € A4 (Ql*) such that

Z/ (t, ') (hy — hy*) dt >0 VR € Ay (Q™) (28)

pEP

The solution of (28) allows us, using the day-to-day demand dynamics, to compute
?jﬁk:fij( zlj*vhl* 9) V(’L,j)EW

and thereby determine the vector Q?*, setting the stage for solving the next within-day differential variational
inequality to find h%*. This process, known as time-stepping, leads us eventually to a complete solution of
(27). Tt also focuses attention on the need for an algorithm to solve the continuous time differential variational
inequality faced for each value of 7.

As an example of dynamics governing the evolution of travel demand, we postulate that, for each day T,
the travel demands @Q; between each given origin-destination pair are determined by the following system
of difference equations:

+
3D R AT
THL I L UA v
Q - ij S” ‘PL_[| A XU
V(i,j) e W, T €{1,2,...,L—1} (29)
with boundary conditions
L= K,

1] %)
where K;; € % is the fixed travel demand for the OD pair (i, j) € W for the first day and X;; is the so-called

fitness level. The operator [z]" is shorthand for max [0, z]. The parameter s;; 1s related to the rate of change
of inter-day travel demand. The above system of difference equations assumes that the moving average of

12



effective travel delay is the principal signal that influences demand adjustments. Such a model is explicitly
non-Markovian for it makes today’s travel demand dependent on the full history of travel demands. Clearly
many other alternative models of demand evolution for the day-to-day time scale may be proposed.

There is a natural time stepping method for solving the dual-time-scale model (27). The main objective
of the time stepping method is to decompose the day-to-day dynamics into a sequence of one period within-
day DUE problems, so that exactly one DUE problem is faced for each day. Recall the day-to-day demand
growth model of our interest is

QU = Fi (QT WY R, hT0)  V(i,j)eW rte{l,2,..,N-1}

j ijo
o> 0 VY(,j)eW, Te{2,..,N}
}j = K V(,j)eWw

where § € R} | is a vector of parameters. The algorithm itself has the form given below:

Algorithm for the Dual-Time-Scale Model (27)

’ Step 0. Initialization. ‘ Given Qllj* = K for all (i,7) € W, choose the vector of model parameters 6 € R, .
Set 7 =1.

| Step 1. Solving the Within-Day Model. | Solve DUE(W, A (Q™*), A) for day by the fixed point algorithm
in Section 6.1. Call the solution A™*.

’ Step 2. Update Demand. ‘ Using the current dynamic user equilibrium solution, compute the travel demand

for the next day according to

QU = Fiy (QI VR hTN0) Y (i g) €W

ij (A

’ Step 3. Time Stepping. ‘ If 7= N, stop. Otherwise set 7 =7 + 1 and go to Step 1.

The above algorithm is nothing more than an observation that a decomposition into single-day models that
are solved sequentially is possible; this is so because demand depends only on the demands and flows realized
over previous days. In the event a total number of trips Ry is known or stipulated for the N-day horizon,
the dual-time-scale model takes a more complicated form, namely the following:

find Q* > 0 and h* € A (Q*) such that

T-A
Sper [ oltoh™) (hT —h7*)dt >0 VreT,h" € A, (Q7)
QI = Fiy (QUr b7 Wb L h0) Y (ij) e Wor € {1,2,. N — 1} (30)

ij ij

SN QL =Ry Y(i,j)ew

=K V(i,j)eWw

ij
Simple time stepping does not work for the model (30) and a different computational strategy is needed.
The solution of (30) is a topic we intend to address in a separate paper at a future date.

6 Within-Day Computation

We have already commented that an algorithm for the within-day differential variational inequality is needed
if the dual-time-scale model is to be solved. Solution of the within-day differential variational inequality, as
we have also mentioned, is complicated by the fact that the effective delay operator

U (t,h) = (Tp(t,h):pe W)

13



is typically neither monotonic nor differentiable. Consequently, we must select an algorithm that places
minimal restrictions on W (¢,h). One such category of algorithms is that of iterative methods in Hilbert
space for a fixed point equivalent of the within-day differential variational inequality

find A™ € A, (Q7) such that
T-A
Spep W, (t,h7™) (hy —hp*)dt >0 » DVI(¥,A;,A) (31)
(r—1)-A

VAT € A, (Q7)

for every 7 € T. We will use the notation DUE(¥, A, A) for a within-day dynamic user equilibrium that
solves DVI(U, A, A) defined in (31) above?. With the preceding background, we are in a position to state
and prove a result that permits the solution of the differential variational inequality (31) to be obtained by
solving an appropriate fixed point problem. That result is:

Theorem 2 Fized point re-statement. Assume, for each 7 € Y, that W,(-,h7) : (T —1)- A, 7- A] — R}
is measurable for allp € P, h™ € A, (Q7). Then, for each 7 € Y, the fized point problem

hT = PAT(QT) [hT - OC\I’ (t, hT)] 5 (32)
is equivalent to DVI(W, A, A) where Py_(q) -] is the minimum norm projection onto A-(QT) and oc € R .

Proof: The fixed point problem considered requires that
1
h = argmhin {2 |h™ —aW (t,h7) — h|]® : u € AT(QT)} (33)

That is, we seek the solution of the optimal control problem

T-A

M T 1 T T 2
minJy () = 3" iy [QF ~ vy (T.A)]+/_1 K3 W7 — W (t,h7) — h2dt  (34)
(i,5)EW (r=1) (i,§)EW pEP;s;
subject to
dy;j .
= D ) V()EW (35)
pEPi;
yij [(T—1)-A] = 0 V(i,j)eWw (36)
h >0 (37)

This problem has the Hamiltonian

Z Z —a‘l’ thT Z /\” Z h (38)

(Z»])GW PEPi; (1,5)EW PEPij

which is convex in its controls h and has no state dependence, so the minimum principle and supporting
optimality conditions are both necessary and sufficient. Hence, it will be enough to show that any solution
of (34), (35), (36) and (37) satisfies DVI(¥, A, A). The minimum principle for (38) has the Kuhn-Tucker
conditions

(] —aW, (6,h7) —hy] (1) +Xij = p, V(i,j) e W,pePi (39)
pph; = 0 V(l,]) eEW,p¢€ Pij (40)

2See Friesz (2010) for additional mathematical details about differential variational inequalities.
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where h* denotes the optimal solution of
min H, st. h>0
By virtue of (33), hy;, = hj; therefore, we may re-state (39) as
aVy, (A7) +Nij =p, V(i,j) €W, p€ Py

Note also that the adjoint equations and associated transversality conditions are

d\; OH, -
o - (-1 e =0 VY(@,j)ewWw
Owi; [Qij — yij (T- A ..
)\ij (TA) J [8yJ(TJA() )] = —Wij V(’l,j) ew
)

Consequently
Aij(t) =—wij Y@, 5)eWtel(t—1)-A,7-A]

Because hy, = hy, we have by (40) that p, = 0 when h} > 0; hence
h, > 0, p€ePiyj = a¥, (G, A7) = —Xij = wij
= U,(t,h") = % =v

ij

which is recognized as the essential feature of DUE(V, A, A). B

6.1 Convergence of the Within-Day Fixed Point Algorithm
Naturally Theorem 2 suggests the algorithm
Rkl — Py (om) [hr,k o (t’hr,k)]
which is clearly a particular instance of the abstract algorithm
25— (xk)

for solving the fixed point problem
x = M(zx)

(41)

where x € V, a Hilbert space. The algorithm (41) does not enjoy a theorem assuring strong convergence
of {xk}, even when M : V — V is non-expansive. However, there are variants of (41) that are provably
strongly convergent (Xu, 2003) under fairly mild regularity conditions. One such is the fixed point algorithm

addressed by the following theorem:

Theorem 3 Strong convergence of modified fixed point algorithm. Consider M : V. — V where V is a

Hilbert space. The sequence generated by
2" =6,204+ (1 -6,) M (xk)
converges strongly to a fixed point x* of M, that is

lim {xk} — z

k—s o0 strongly
x* = M(z"),
when M is non-expansive, z° € V is an arbitrary point and
(i) limg_ oo B, =0
(i) D ko B = 00

(tv)  limp oo (Bk - 61«—1) (ﬂk)_l =0

15
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Proof: This result is generally attributed to Halpern (1967), although he used vastly different notation. A
generalization whose proof is much more readable is due to Bauschke (1996). Although concerned with a
different problem class in Banach spaces, the paper by Xu (2003) gives an informative summary of Theorem
3 and related results stemming from Halpern (1967). H

Note that condition (éii) of Theorem 3 is equivalent to

[:Zo(1=8,) =0

and that z° may be taken to be x°, the starting solution. Note also that, because algorithm (42) converges
strongly, we know it converges weakly.

6.2 When the Effective Delay is Strongly Monotonic

Our interest now is in constructing a convergent algorithm for the fixed point formulation (32) of within-day
dynamic user equilibrium. To that end we propose the algorithm

WTRF = BRh™0 4+ (1= By) Pa,qny [W7F — oW (£, h7F)] (43)

In order to prove the convergence of (43) using Theorem 3, we will continue to assume that individual
path delay operators are measurable and strictly positive; we will also employ some additional regularity
conditions. Note that the feasible solutions considered in the regularity conditions below are named h7*
and h™*T1 for convenience, although they need not be consecutive iterates of the fixed point algorithm to
study the non-expansive nature of the operator M, ; rather they need only be distinct feasible solutions.

We will first consider strongly monotone delay operators; in that case, the regularity conditions for each
day 7 € T are:

R1. A (Q7) C (L% [to,tf])lp‘; note in particular that A7 > 0.
R2. The unit path delay operator ¥(-, A7) is measurable and strictly positive on A, (Q7).
R3. The unit path delay operator ¥ (-, A7) is continuous on A, (Q7).
RA4. The unit path delay operator obeys the Lipschitz condition
||\Ilr,k+1 _ \IIT,kH < m||hr,k+1 _ hT,kH
on A; (Q7), where
IR = (-, AR
and Ky € §R}H_.

R5. The unit path delay operator W (-, A7) is strongly monotone on A, (Q7) with constant K; € RY _; that
is

<lI/T,kJ+1 _ lI/T,kJ7hT,k+1 _ hT,k‘> > % HhT,k’-i-l _ hT’kHQ

We note that, in the event the effective path delay operator is strongly monotone, an unsurprising version
of a standard convergence result is obtained for (43):

Theorem 4 Strong convergence of modified fized point algorithm for DV I(V, A,, A) with strongly monotone
delay operators. We assume that regularity conditions R1, R2, R3, R4 and RS introduced above are in
force. Then, provided conditions (i), (i), (iii) and () of Theorem 3 hold, the sequence {h™*} generated
by algorithm (43) converges strongly to h™*, a dynamic user equilibrium DUE(¥, A, A), for all T € T,
provided the fized point parameter o € §R1++ is suitably small.

16



Proof: Although quite simple, the proof is instructive as preparation for demonstrating our main result
which follows as Theorem 5. In particular, we make note that the fixed point problem underlying (43) is
equivalent to DVI(U, A, A) and, hence, to DUE(W, A, A). As such convergence of (43) is all that needs
to be shown. To apply Theorem 3 to that end, we need to establish that the operator

My (W79) = Py (gry (17 — o (1,175

is non-expansive. It is well known that the minimum norm projection operator is non-expansive in Hilbert
space; therefore we have

e i e 1 (e A G I R A G

or

||M‘I’ (h'r,k+1) o MT (h’r,k)H < ||(h‘r,k+1 o hT’k) —a (\Ij‘r,k+1 - qu’k)H

where the obvious notation
TR = (¢, h7F)

is employed. Thus
||M'r (hr,k+1) — M, (h‘r,k:)H2 < H(hr,kﬂ _ h”“) —a (\I}'r,k+1 _ \I}T,k)||2 — Tk

so that
Pk — Hhr,k-l—l _ hT,kHZ _ 2a<\1,7—,k+1 gk Tk hT,k> +a2 H\I,T,k-‘rl _ \I,T,kHQ

Lipschitz continuity requires
||\I/T’k+1 _ \IIT,/CH < /KO ||hT,k+l _ hT,k}H

for some Ko € R} . Thus we have
Hhr,k+1 o hT7k||2 _ 204<\I/T’k+1 . \Ijﬂ',k7 h‘r,k+1 o hr,k> + a2K0 HhT,kJrl o h-r,k||2

< <1 - 204% + a2K0> [ hT’kH2

(I)T,k

IN

We require for non-expansiveness of M. (-) the following

K
172a?1+a2K0§1

or

K
Oz(—K1+OéK0)§0:>Oz<fO
1

6.3 When the Effective Delay is Component-Wise Strongly Pseudomonotone

Although a literature exists advocating the use of monotone operators for DUE problems, there is evidence
that fully general DUE problems involve operators that are pervasively if not always non-monotone Nie
(2010). Consequently, Theorem 4 is not entirely satisfactory. Instead, we seek convergence of (43) for non-
monotone operators. Accordingly, we now turn our attention to the notion of strongly pseudomonotone
operators. We begin our discussion of such operators with the following definition:

Definition 2 Strongly pseudomonotone operator (Faroug, 2001). The mapping F (v) is strongly pseudomonotone
on V with constant K, € §R1++ if

(F (1) 02 = 0') 20 = (F (12) 07 — o) 2 = °

B -

or equivalently

for all v',v? € V.
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We will now introduce the notion of a component-wise pseudomontone operator; such an operator has
components that are pseudomonotone with respect to their own-arguments. In particular, the following
definition applies:

Definition 3 Component-wise strongly pseudomonotone operator. The mapping F (v) is component-wise
strongly pseudomonotone on'V C (Ls [to,ts])" with constant K1 € RY . if

t t
/fFZ-(vl) (2 eyt > 0= [ F(?) (2 —ol)de = S| o i=1m

K3
to to

for all vt,v? € V.
We note that

1. a merely monotone function is not strongly pseudomonotone;
2. a merely strongly pseudomonotone function is not strongly monotone;

3. acomponent-wise strongly pseudomonotone function may fail to be monotone or strongly pseudomonotone.

The first two of the above properties of pseudomonotone functions are discussed in Farouq (2001); the third is
easily demonstrated by appeal to the definitions given above. However, the above properties notwithstanding,
it may at first seem that no strongly pseudomonotone operator cannot be adequately distinct from a strongly
monotone operator to reflect the kind of non-monotonic behavior needed to describe DUE effective path
delay. However, that viewpoint is superficial and incorrect, as we illustrate by an example in Appendix A.
In fact, that example verifies that functions one might loosely refer to as “seemingly non-monotone” may be
component-wise strongly pseudomonotone. Further note that if

ty
Z/ \P;,kJrl (h;,k+1 o h;’k) di — Z
pep Vo peEP

Ky

S hm =R <0 (44)

ty
T,k T,k T,k
/ UOF (R — WD RY dt > (1)

to

holds for arbitrary h™**1 h™* € A, (Q7) and some Ky € RL ., we say that the delay operator is weakly
monotone Farouq (2001).

In what follows, we will employ some of the prior regularity conditions as well as some conditions not
previously invoked. Note that the feasible solutions considered in the regularity conditions are named h7*
and h7**t1 for convenience, although they need not be consecutive iterates of the fixed point algorithm to
study the non-expansive nature of the operator M. ; rather they need only be distinct feasible solutions. The
regularity conditions for each day 7 € T are discussed below. Note that, in R4 and R5, h;’k and h;’k“ need
only be distinct points in A, (Q7) and are not necessarily consecutive iterates of the fixed point algorithm:

R1. A, (Q") C (L% [to,tf])lp‘ is compact; note in particular that h™ > 0.
R2. The unit path delay operator U(-, h7) is measurable and strictly positive on A, (Q7).
R3. The unit path delay operator ¥ (-, A7) is continuous on A, (Q7).
R4. The unit path delay operator obeys the Lipschitz condition
H\I/T,k-i-l _ \IIT]CH < \/KiloT,k-‘rl _ hT,k”

on A, (Q7), where
TR =0 (-, hTF)

and Ky € %}H_.
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R5. The unit path delay operator W (-,h7) is component-wise strongly pseudomonotone (CWSPM) on
A- (Q7) with suitably large constant K; € R%; that is

Ky

ts ty
J A A R R e e L e A (D)

to to

or equivalently

ty ty
[ e g < B e s [ g ighaco )
0

to
for all p € P and all feasible vectors h™* h™F*+1 € A, (Q7).

R6. We assume that the effective delay operator is component-wise weakly monotone® on A, (Q7) with
suitably small constant K5 € ?Rfr 4; that is

Kz

t
/ ! (q,;,k+1 . \I,;k) (h;,k+1 . h;k) dt > (—1 HhT k41 h-r,lc||2 (47)

to
or equivalently

b K 2
7,k 7,k 7,k T,k 7,k T,k
| ) e n) e < B2 |
0
for all p € P and all feasible vectors h™* h™F1 € A (QT).
R7. We require that
Po # 0
where
ty K
Ps = {p €Py: /t W (gt = ) dt > [ WP VRDR RTE € A, (QT)}
0
and

ty

Py = {p eP: [ UPF (WM —hTF)dt <0 VADF AT € AL (QT)}

to

We are now ready to state and prove the following result:

Theorem 5 Strong convergence of modified fixed point algorithm for DV I(U, AT,A) with ‘component-wise
strongly pseudomonotone delay operators. We assume that reqularity conditions R1, R2, R3, R4, R5, R6
and R7 introduced above are in force. Then, provided conditions (i), (ii), (iii) and (w) of Theorem & hold,
the sequence {hT”“} generated by algorithm (43) converges strongly to h™*, a dynamic user equilibrium
DUE(¥, A, A), for all T € Y, provided there is a fized point parameter o € %1++ that is suitably small.

Proof: We continue to employ the notation
UTE =W (¢, h7F)
The non-expansive nature of the projection operator, as we have already observed, assures that
||MT (hnk-ﬁ—l) — M, (hr,k)H2 < H(hf,/wrl _ hT,k) — (\I,T,k+1 _ \I}T,k)||2 — Tk

We now observe that

q)r HhT k41 — BT kH +2az Z / \IJTk o7 k+1) (h‘r Jk+1 h‘f‘ k)d
i=3 peP;
+a? ||\Ij‘r,k+1 _ \IJT,kHQ (48)

3Note that weak monotonicity is a very mild condition; it is possible for an operator to be both component-wise strongly
pseudomonotone and component-wise weakly monotone, as illustrated in the Appendix.
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where

P = {p eP:
Py = {p epP:
Ps = {p €Pr:
Py = {P €Pr:
Py = {p €Py:
Ps = {p € Py

ty

J
/.

\IIT Jk+1 hT Jk+1

/.
/ k1 (e
I,

q/‘l' k41 h‘l’ Jk+1

/ \IJT Jk+1 (hT Jk+1

to

\IJ T,k h‘l’ Jk+1 hT k)

p P

K

h;’k) dt < =% HhT Jk+1

\ \/

K1|

h;,k) di ‘hT Jk+1

Ky

= hpF)dt < == [T

Ky

| \/

h;}',k) dt HhT Jk+1

Uk (R — hDR) dt >0 VRDF WD e A, (QT)}

dt <0 VYRR AT e AL (QT)}

h-r,k||2
hT,kH2 p p

Sy

h'r,k||2

Vho R b e AL (QT)
VAT k hT Jk+1 c A

Vhi* R R e AL (QT)

3 ~1 3
—

N~ Y—~— ——
— — —
o ()] ot
w ) —
N~— S~— S~—"

Vi € AL @) o)

Note that P3 = () by virtue of the definition of component-wise strong pseudomonotonicity; furthermore

P =

P =
PiNP, =
PiNP; =

P1 U Py
P3sUP4LUPsUPg
0

0 Vi,j€[3,4,5,6] and i#j

Next note that for any path p € Pg, we have

Therefore

to

Consequently

zaZ/

PEPs

to

to

to

to

— g7 k+1) (h;,k—i-l _

Furthermore, weak monotonicity assures

2QZZ/ \IlTk \Il'rkJrl) (h'rkJrl h'rk)dt<aK2 (|'P4|_|_|’P5) Hh'rkJrl h'rk”

=3 peP;

It follows from (55) and (56

) that

E =
=3 peP;

N
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T,k+1 T,k+1 _
[
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_ T,k+1 T,k+1 _
[

2y Y [

o[l (IPa] + |7>5|) =
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/ ok (R — bRy dt < 0

ty ty
7,k 7,k+1 7,k 7,k+1 T,k+1 7,k
/ 4 (hp+—hp)dt—/ WIHFHL (R kY e < (1)

hy*) dt < (-
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Therefore, by the Lipschitz assumption, we have

F < [|pTh - h‘l’,k||2 + B+ oK |[pmh - h’f‘,kH2

< <1 +a [Kz : (|774| + |735|> - K- |,P6|j| + a2Ko) . HhT’k'H - hT’kH2
We seek ®™% < 1, which is assured by
Lt [Ky ([Pl + [Ps| ) = K - [Pel| +a?Ko <1
It follows that we must have

Ky - [Po| = K- (Pa] + P3|
Ko

I
Ql

KZ'(|P4|‘H7)5|)—Kl'\P6\+0zKo<0:>a<

for K1 and K5 such that
Ky - [Pyl - |Ps|
K >—
' [P

Consequently

| M (R7FF) = Mo (B7F)|| < Vet < \/1 +a (Kg : (\794\ + |7D5|) — K1 - |Ps| + aKO) AR — BT

’|h7',k+1 _ hT,k‘ H

N

for
O<a<aeRl,

In other words M, (-) is non-expansive. Also, conditions (i), (i), (#4) and (i) of Theorem 3 regarding
the sequence {3} are met by the given. Hence, for each 7 € T and suitably small fixed point parameter
«, we know by Theorem 3 that the sequence {hT’k} converges strongly to h™*, a within-day dynamic user
equilibrium flow pattern. H

6.4 Details of the Fixed Point Algorithm

The question of what rules to use in selecting the coefficients /5, in (43) that satisfy conditions (7), (#) ()
and () of Theorem 3 naturally arises; one choice is

1 q
b= (k + 1)
where ¢ is a parameter to be designated and which must satisfy

0<gx<l1

The algorithm itself has the form given below:

Fized Point Algorithm for DUE(¥, A, A)

’Step 0. Initialization.‘ Select h™* and the rule for generating the sequence {3,}. Also select a stopping
tolerance € € R} . Set k = 0.

’ Step 1. Major iteration. ‘ Compute

WTRH = BuR™0 4+ (1= By) Pa(qry [W7F — oW (£, h7F)]

’ Step 2. Stopping test. ‘ If

Hhr,k+1 . hT7k|| <e

stop and declare
T o hT,k+1

Otherwise set k =k + 1 and go to Step 1.
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6.5 The Sub-Problems of the Within-Day Fixed Point Algorithm

Note that the major iterations (Step 1) of the fixed point algorithm presented above require that the following
optimal control problem be solved:

m}}n JHh) = Z vij [QF; — yij (T A)]
(i,5)eEW
T-A 1 2
+/ 5 ST (A — oW (t,h7F) — h] dt (59)
(T=1)A 2 (i Hew pePy;
subject to
dtj = Z hy (t)  VY(i,j) €W (60)
PEPij
yiilr=1)-A] = 0 V(i,j)ew (61)
h > 0 (62)

Note that in order to solve this optimal control problem we must know the dual variables v;; for all (4, j) € W;
finding them is an essential task if we are to compute a within-day dynamic user equilibrium.
6.6 Finding the Subproblem Dual Variables v;;

Finding the dual variables associated with the terminal time demand constraints turns out to be relatively
easy. Note that the relevant Hamiltonian for (59), (60), (61) and (62) is

HE= 3 3 3 Bt at, ) -l Y A hy

(i,7)EW PEP:; (i,7)EW PEP;;

where each )\;; is an adjoint variable obeying

d; oHF .
0 ..
Aij(T7-A) = m%‘ [Qij — yij (T A)] = —vjj V(i,j) €W

from which we determine that
Aij(t) = —v;; = constant V(i,j5) eW

The minimum principle is simply

H
arg{ghl:0} peP
P

T,k+1
hp

arg Z (h;’C —al, (L, h™") —hy) | (=1) —v;; =0 peP
PEPi;

from which we obtain

> (=hpk 4 a®, (6 ETF) + By v =0 Y (i,5) € W,p € P
PEPij
or

SO ohpFt = | N (hpt = Wy, (,B7F)) + v VY (i,§) € W,p € Py (63)

PEPi; PEPij
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where [-] + » the elementary projection operator defined by

uw if wu>0

[u]+:
0 if u<O,

is employed to assure non-negativity of path flows. By flow conservation we have

T-A
/( > byttt dt = QF V(i,j) €W

T—1)-A peEPi;

Consequently the dual variable v;; must satisfy

T-A
/ [hp™ (8) — W, (6, 87F) +oy]  dt=QF  V(i,j) €W (64)
(r—1)-A PpEP;;

Recalling that each v;; is time invariant and noting that the equations of (64) are uncoupled, we see that
simple line searches will find the values of v;; satisfying the above conditions. Once the v;; satisfying (64)
have been found, the new path flow vector A™**! may be computed from (63).

7 Dynamic Network Loading

The problem of finding link activity when travel demand and departure rates (path flows) are known is
commonly referred to as the dynamic network loading problem. Effective path delays are constructed from
arc delays that, directly or indirectly, depend on arc activity; moreover, activity on a given arc is influenced
by the delays on paths that utilize that arc. Thus, dynamic network loading is intertwined with the determi-
nation of path delays. Recall that, in our formulation of and computational scheme for the dual-time-scale
model presented above, we require the effective path delay operators to be are measurable, positive and
strongly pseudomonotone. Since positive, strongly pseudomonotone delay operators may reflect the undu-
lating character of the example given in Section 6.3, our formulation and solution method can accommodate
path delay operators derived from a range of dynamic network loading models.

In the balance of this section we present a computable version of a dynamic network loading model
proposed first by Friesz et al. (1993) and studied numerically by Wu et al. (1998). We introduce this
dynamic network loading model to illustrate a simple scheme for approximate network loading that relies on
off-the-shelf software.

7.1 The Structure of Network Loading Models

A dynamic network loading model captures the following three critical features of dynamic traffic assignment
modeling:

1. path delay;
2. flow dynamics; and

3. flow propagation constraints.

As we saw in Section 3 flow propagation constraints must be imposed on the state dynamics, thereby creating
a system of constrained ordinary differential equations (ODEs). The flow propagation constraints will most
generally be in the form of a differential algebraic equation (DAE). Since an ordinary differential equation is
a special case of a differential algebraic equation, the dynamic network loading model may itself be viewed
as a system of differential algebraic equations.

More formally we note that a fairly general abstract differential algebraic equation is

fz,2,y,t)=0 (65)
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where for any given instant of time ¢ we have

z,zt € R
y e %77’1
f @ GCR" xR x ™ x R — g™

A natural approach to solving system (65) is to differentiate it as needed to create a system of ordinary
differential equations; however, upon doing so, one is faced with finding a consistent set of initial conditions
(20, %0, Yo, to) such that

f (0, %0, Y0,t0) =0

Simple examples may be given that illustrate finding a consistent set of initial conditions can be problematic.
In fact Pantelides (1988) provides such examples as well as a criterion for determining whether differentiation
of a subset of the equations of a nonlinear DAE system provides additional constraints satisfied by the
available initial conditions; he also provides a graph-theoretic algorithm for finding such subsets. See also
Brenan et al. (1996), Ascher and Petzold (1998) and Pang and Stewart (2008) for more details regarding
DAEs.

We observe in this section that the flow propagation constraints (9) and (10) derived from the link delay
model, together with a model of arc dynamics, constitute a DAE system that describes network loading. We
show that such a DAE system for network loading may be accurately approximated by a system of first order
ordinary differential equations and efficiently solved by off-the-shelf software, thereby providing a much more
computationally appealing method for network loading based on the link delay model than has previously
been available.

7.2 The Link Delay Model

We of course describe arc volume as the sum of volumes associated with individual paths using an arc; that
is

xq (t) = Z dap? (1) Yaec A

pEP

where 2P (t) denotes the volume on arc a associated with path p and

5= 1 if arc a belongs to path p
% 1 0 otherwise

We employ the simple deterministic link delay model suggested by Friesz et al. (1993). To articulate this
delay model, let the time to traverse arc a; for drivers who arrive at its tail node at time ¢ be denoted by
Dg, [zq; (t)]. That is, the time to traverse arc a; depends only on the number of vehicles in front of the
entering vehicle at its time of entry. The recursive relationships (4) and (5) follow immediately once the link
delay model is articulated .

7.3 The DAE System

It is well known that application of the chain rule to (4) and (5) allows one to derive the flow propagation
constraints (9) and (10) from (4) and (5); see for example Friesz et al. (2001). Knowledge of the flow
propagation constraints allows us to articulate the following differential algebraic equation (DAE) system
describing dynamic network loading:

W) g ) VpePichmp) (66)
z? (0) =20 e RY VpeP,ie[l,m(p) (67)
W% 1) = g (04 Doy [, (0] (14 Dl e, (1)) 0,) (63)
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ggi,l (t) = ggi (t + Da, [7a, (t)]) (1 + szi [Ta; ()] Za, (t))
VpeP, i€ 2,m(p) (69)

where g7 (t) is the flow along path p that exits arc a; at time ¢; by convention
ghmk =nik Vpep

is the departure rate from the origin of path p € P.

7.4 A Simplified Network Loading Procedure

The main difficulty in computing solutions to the DAE system (66), (67), (68) and (69) arises from the time
shifts appearing in the flow propagation constraints. In preparation for dealing with this feature of the DAE
system and creating an approximate network loading scheme, we introduce the following definition:

Definition 4 Regularity of the dynamic network loading problem based on the link delay model. The DAE
system (66), (67), (68) and (69) is reqular if the exit flow functions g% (t) for all p € P and i € [1,m (p)]
are everywhere twice continuously differentiable with respect to their own arguments.

Invoking regularity in the sense of Definition 4, we note that a second order Taylor series approximation of
the time shifted term of the flow propagation constraints yields

dgh, (t)
dt

d2g? (1) (Dy, [2a, (1)))°
dt? 2

9ay (t+ Day [za, (D)) = g5, (8) + Da, [2a, (8)] +

VpeP

d’gh, () (Da, [7a, (V)))°
dt? 2

Y peP,icl2,m(p)]

dgh, (t)

gf{i (t + Dlli [‘rai (t)]) ~ ggi (t) + dt

D, [za; (t)] +

Furthermore, if we let

dgh (t
gizt( ) =/ (t) VpeP,ic[l,m(p)

so that
drh (t)  d?gh (1)
dt dt?
then the second order approximations may be written as

VpeP,ie[l,m(p),

D T 2
02, (+ Doy [0y (O]) = g8, (8) + 12, (8) Doy [y (8)] + 7o ) (P[220 ()

dt 2
Vp e P
g8, (44 Do, 0, (D)) ~ g8, () + 1%, () Dy [, (1)) + 1 () (P [P ()]

VpeP,iec[2,m(p)

Based on the above, the flow propagation constraints themselves become

{951 (t) + 72 () Da, [xa, (£)] + drt (t) (Da, [Ta, ()]) }

dt 2
- (1 + D)), [z, (t)] fal) —h R () =0

Vp € P
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{ggi (1) + 18, (8) Day [, ()] + =2

From the above we obtain

dr? (1)
dt
drk. (t)
dt
dgh, (t)
dt

where for all p € P and i € [1,m (p)]

Rgl (xﬂg7 T? hT7k) =

Rgl (x’g7r) =

dr? () (Dy, [2a, (1)) }
2

(14 Dl 0, ()0, () — 95, () =0

VpeP,iec[2,m(p)

= RP (x,g,r, h”“) VpeP
= R (z,9,7) VpePicl2,m(p)
= b (t) VpeP,ie(l,m(p)

we use the definitions
207 (t)
(Day 20y () (14 D4, [0y ()]0, )

2 (ggl (t) + 7"51 (t) Da, [$a1 (t)])
(Day [, (1))

295, _, (1)
(Da, [0, () (1+ Di, 20, (8)] 2, )
2 (gh,(t) + 18, (t) Da, [za, (1)])
(Da [, (1))

The remaining time derivatives @, for ¢ € [1,m (p)] may be replaced by expressions involving arc exit flows;
we suppress those details for the sake of brevity. Note also that there are accompanying initial conditions

ga, (1 =1)-A) =0

VpeP,ie[l,m(p)

If there is no flow entering the paths at the first instant of the time horizon, then we impose the following

additional initial conditions

b ((r—=1)-A)=0

VpeP,iell,m(p)

Thus, to find the arc volumes and arc exit flows for a given vector of departure rates h™*, one may solve the
following system of ordinary differential equations with initial conditions:

dab (1)
dt
dz, (1
dt
dgh, (1)
dt
dr? (t)
dt
dr? (t)
dt
zo, (1 —1)-A)
9o, (T =1)-A)
re, (T —1)-A)

= h)F(t)—gh (t)  VpeP

= gn, () —gh, (1) VpeP,ic2,m(p)

= g, (1)

Vp e P,i€[1,m(p)]

= Rp (:I;, g7 T', hTJf)

ay

VpeP

= R (z,9,7) VpeP,ic[2,m(p)

= 0 VpeP,iell,m(p)
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Definition 5 Regularity of the simplified dynamic network loading procedure. The simplified dynamic net-
work loading problem expressed by the initial value problem (70) through (77) is reqular if, for allp € P, i €
[1,m(p)] and t € [(tr—1)-A,7-A], the following conditions are satisfied:

1. the arc exit time functions &, are strictly monotonic (and thus invertible);
2. the arc delay functions Dy, [z4, (t)] are bounded for bounded arguments;
3. Dg, [xa, ()] >0 ;
4. Dy x4, (t)] exists and is continuous; and
5. h7k (t) is continuous
We will need the following results:

Lemma 1 For a domain D C R, consider a vector function f: D — R™. If f is continuous in D and

all components of the Jacobian
of _ (of
8x o &rj ij=1,...,n

are continuous in D, then the vector function f satisfies a local Lipschitz condition.

Proof. See Walter (1988). m

Theorem 6 Consider a vector ¢ € R" and a vector function f : D — R" for a domain D C R"F! and the
system

d
% = filt@1, ..., 2n)
dz,
= = faltarew)

with initial conditions

xi (to) = ax? i€[l,n]

If the vector function f satisfies a local Lipschitz condition with respect to the vector x, the system has exactly
one solution.

Proof. See Walter (1988). m

Next we establish existence and uniqueness for the simplified dynamic network loading initial value problem:

Theorem 7 Existence and uniqueness of the simplified dynamic network loading. If the simplified dynamic
network loading procedure expressed by the initial value problem (70) through (77) is regular in the sense of
Definition 5, it has an unique solution.

Proof. If the right hand sides of (70) through (77) are continuous and continuously differentiable with
respect to x4, g%, and 7%, then we have existence and uniqueness of by Lemma 1 and Theorem 6. In fact
closed formed expressions for the derivatives of R} may be given:

% —  xkpT_ 2rh (t) Dy, [2a, ()]
Oz, . (Day [, (1))
I 4 (951 (t) + rh, (t) Da, [Ta, (t)]) Dq, [xa, (1)] Dél [Ta, (1)]

(Dth [xlll (t

~—
~—
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ORE, _ 2hpt (1) Dy, [2a, (1)] 293, (t)

s (Do l2a, ()))* (14 Diy e, ] (A5 (1) - ok, (t)>)2 (Da, [a, (£)])°

oRD, 2

ore, B Dq, [wa, ()]

where

—2ng (1) (VA + 25
(D bz (O (14 D%, [, (0] (B () — g, ()
YAPT = 2D, (w0, ()] Dy [eay (O] (1+ Df, [, (0] (h* () = g8, (1))

Za?" = (Day [wa, (D)) (D, [2ay ()] (hp" (8) — g5, (1))

By inspection, these are continuous under regularity in the sense of Definition 5. Similar results may be
established for ¢ € [2,m (p)] where p € P is an arbitrary path. Thus, the desired result is proven. m

kpTm _
XbT =

7.5 Constructing the Path Delay for a Given h™*

An immediate consequence of the recursive relationships (4) and (5) is that the total traversal time for path
p can be articulated in terms of the final exit time function and the departure time:

m(p)

D=3 ) -€ W] =¢€,, Ot vpeP

m(p)

where &8 (t) is the time of exit from arc i € [1,m(p)] for path p € P given departure from the origin at time
t. We have already introduced the potentially asymmetric arrival penalty operator F(-) with property (13)
so that the effective delay operator is

U, =D, +F[t+D,—T;] VpeP

where T is the desired arrival time for day 7. If the path flows K7 are known, it is possible to find the
arc exit flows, volumes and delays by solving the system of ordinary differential equations (70) through (77)
over the time horizon of interest. Let us denote the traffic volumes from solution of that system by

A P, e L)

and define
R (1) = Z SapTl?™T (t) Va e A

peEP

The arc exit time functions may be computed for a path by first noting that

EFT (1) =t+ Dy, [z (¢)]

1

where ¢ is the departure time. Once the arc exit time function of the first arc has been computed, the arc
exit time function for the next arc in the path may be computed as

pk,T

DT = €8T (1) + Do [0, (€057 )]

and so forth until the arc exit times of all arcs have been computed. This procedure is carried out for each
path p € P. When the arc exit time functions 5{;;’“ are known for all p € P and i € [1,m (p)], the effective
path delays may be computed as pure functions of time following

\I,Ili,r (t) = D,k,T, t)—t+F [ p.k, T TI\}

Am(p) Am(p)

where it will be recalled that F'[.] is the arrival penalty and T is the desired time of arrival.
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Figure 1: Sioux Falls Network

8 Numerical Example

In this section, we consider a numerical example based on the 76-arc, 20-node Sioux Falls network with 10
origin-destination (OD) pairs and 200 paths, depicted in Figure 1. We consider network loading based on
two link performance models:

1. link delay model (LDM) approximated as a system of ordinary differential equations; and

2. the cell-transmission model (CTM) as implemented by Lo and Szeto (2002).
A common early/late arrival penalty function is used for all examples and is assumed to be of the form
0.5 (t+ D, (t) — Ta)?

where T'4 is the desired arrival time for all users. For the above arrival penalty, both the single period within-
day model and the dual-time-scale model are solved; in the latter case, dynamic user equilibria extending
over a multiday period when demand evolves day-to-day according to the dynamics (29) are calculated. As
already noted, for LDM-based network loading, we employed an ODE approximation of a DAE system. For
the CTM, we employed the so-called route travel time extraction procedure presented in Lo and Szeto (2002),
which is not a DAE system. Coding was done using MATLAB, and every attempt was made to avoid the use
of numerical tricks that could not be applied equally to all models. For the numerical results presented below,
DUE solutions obtained with the LDM and CTM link performance models display qualitative similarity:
the solutions are always moving parabolic wave forms, showing the progression of flow through the network
with departure rate peaks that correspond to minimum effective path delays. Zhang and Nie (2005) suggest
that such similarity of solutions across loading models is due to the lack of spillback phenomena; numerical
experiments supporting their observation were not conducted by us.
For the Sioux Falls network, we considered the following set of ten specific origin-destination pairs:

W ={(1,20), (2,20), (4,20), (5,20), (7,20), (9,20), (11,20), (13,20), (15,20), and (16,20)}
each having a fixed travel demand of 400 users; that is

Qij = 400 V(l,]) ew
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Linear arc delay functions of the form

Da = Aa + Baxa

were employed; parameters for the delay functions are given in Table 1, where (k, £) denotes an arc directed

from node k to node ¢. Furthermore

B, = 0.007
for all arcs.
) [ Aa | 0) [ Aa | l) [ Aa [ () | Aa
(1,3) 2 (3,1) 2 (2,6) 2 (6,2) 2
(3,4) 2 (4,3) 2 (4,5) 2 (5,4) 2
(5,6) 10 | (6,5) 10 | (3,12) 3 (12,3) 3
(4,11) 3 (11,4) 3 (5,9) 2 (9,5) 2
(6,8) 2 (8,6) 2 (9,10) 2 (10,9) 2
(1,2) 6 (2,1) 6 (9,8) 4 (8,9) 4
(8,7) 2 (7,8) 2 (8,16) 2 (16,8) 2
(7,18) 4 (18,7) 4 (12,11) | 4 (11,12) | 4
(11,10) | 3 (10,11) | 3 (10,16) | 2 (16,10) | 2
(16,18) | 2 (18,16) | 2 (12,13) | 14 | (13,12) | 14
(11,14) | 3 (14,11) | 3 (10,15) | 4 (15,10) | 4
(10,17) | 6 (17,10) | 6 (16,17) | 2 (17,16) | 2
(17,19) | 6 (19,17) | 6 (18,20) | 16 | (20,18) | 16
(14,15) | 4 (15,14) | 4 (15,19) | 2 (19,15) | 2
(14,23) | 2 (23,14) | 2 (15,22) | 2 (22,15) | 2
(23,22) | 2 (22,23) | 2 (23,24) | 2 (24,23) | 2
(22,21) | 8 (21,22) | 8 (22,20) | 6 (20,22) | 6
(19,20) | 4 (20,19) | 4 (13,24) | 4 (24,13) | 4
(24,21) | 4 (21,24) | 4 (21,20) | 4 (20,21) | 4

Table 1: Delay Function Parameters

The DUE solution obtained by the fixed point algorithm is illustrated in Figures 2 and 3, where we
observe a moving parabolic wave. Two representative DUE path flows (departure rates) are displayed in
Figure 2. The volumes of six representative arcs are displayed in Figure 3.

The dual-time-scale model is solved using the following parameters for the day-to-day demand dynamics:

X1,20 = 750
X2,20 = 450
X4,20 = 650
X5,20 = 750
X7,20 = 800

1 _

= 400
sT.=0.1

)

X9,20 = 750
X11,20 = 1050
X13,20 = 1100
X15,20 = 1150
X16,20 = 1200
V(i,j) €W
V(i,j) €W

TeYT={1,2,..,N}

Using the same desired arrival times as used for the single day simulation of this network, results for the
seven day simulation based on the dual-time-scale model are presented in Figure 4.

8.1 Performance of the Fixed Point Algorithm

The numerical examples were solved by the continuous time DUE fixed point algorithm, supported by the
simplified DNL procedure developed in Section 7. The combined DUE/LDM-DNL solution approach was
coded in MATLAB 7 and solved on a standard desktop computer with the following attributes: Windows
Vista with an Intel Core2 Duo @ 2.20GHz and 1.5GB RAM. In these calculations, the day-to-day time
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Figure 2: DUE Flows and Effective Delays for LDM and CTM Based Network Loading (Sioux Falls network)
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Figure 4: 7 Day Travel Demand Evolution for 10 OD pairs (Large network)

stepping to update demand is extremely fast. Moreover, the within-day dynamic user equilibrium calculations
for the second and subsequent days are also extremely fast since a warm-start protocol is employed whereby
a trial solution based on the previous within-day flow pattern is used. Thus, the most important measure of
computational performance is the number major fixed point iterations for an initial (cold-start) within-day
user equilibrium calculation. We report the number of such iterations in Table 2.

Sioux Falls Network | LDM | CTM
major iterations 14 13
cpu seconds 1975 3136

Table 2: DUE Fixed-Point Major Iterations

9 Concluding Remarks

In this paper we have explored a differential variational inequality (DVI) formulation of within-day dynamic
user equilibrium and its integration with a day-to-day model of travel demand evolution. The following have
been demonstrated/accomplished:

1. the differential variational inequality may be very easily analyzed to establish its equivalence to a
dynamic user equilibrium using the minimum principle from optimal control theory;

2. its dual variables for terminal time constraints are easily computed and equal the minimum effective
travel delay;

3. the proposed fixed point algorithm is shown to converge for merely component-wise strongly pseudomonotone
delay operators that are also component-wise weakly monotone; such operators form a class of non-
monotone operators;
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4. the rapidly growing literature on differential variational inequalities offers a rich collection of ideas for
improving the proposed fixed point algorithm and for innovating alternative algorithms;*

5. a dual-time-scale model of dynamic network traffic flows may be constructed that integrates a basic
day-to-day demand evolution model with a differential variational inequality formulation of within-day
dynamic user equilibrium,;

6. simple time stepping in combination with the within-day fixed point algorithm has been shown to be
an effective means of solving the dual-time-scale model;

7. although LDM-based network loading has been emphasized, through numerical examples, the proposed
fixed point algorithm has been shown to also work effectively with CTM-based network loading; and

8. an approximation method for LDM-based network loading has been presented and shown to be at
least as computationally efficient as CTM-based network loading for the computation of dynamic user
equilibria with the proposed fixed point algorithm.

Several extensions of the ideas put forward in this paper are possible. These include;

1. explicit consideration of spillbacks and oscillatory traffic behavior, as noted in Nie and Zhang (2008b)
and Nie (2010); and

2. establishing error bounds associated with approximate network loading.
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A Component-Wise Strongly Pseudomonotone Functions That Are
Also Component-Wise Weakly Monotone

Condition R5 introduced in Section 6.3, the requirement that the path delay operator be component-wise
strongly pseudomonotone, requires some elaboration since pseudomonotonicity has not been used heretofore
in studying dynamic user equilibrium. To better understand R5, it is helpful to consider a related problem
without an explicit time dependence. We also need to discuss the component-wise weak monotonicity
condition R6 and show that both properties may coexist.
To these ends, let us consider the following abstract scalar function of a single variable:
38 1 1

Fo) =155 +5 @ 2)° — 5 (- .05)° (A1)

whose plot is given in Figure A.1. The function (A.1) is clearly not montonone on
X={z:0<2<11}CRL (A.2)

However, as we will show, (A.1) is strongly pseudomonotone on X for some K7, as well as weakly monotone

F(x) A

Figure A.1: Plot of the Example Function (A.1)

on X for some K.

A.1 Strong Pseudomonotonicity

For F' (z) to be strongly pseudomonotone, the constant K; > 0 must be such that

F(z1)(z2 —21) 2 0 = F(z2)(22 — 21) > % (z2 — 21)” (A.3)
or equivalently
F(x)(x2 — 21) < % (w2 — 21)” = F(21)(22 — 1) <0 (A4)

where
1,22 € X C %i

Note that because our function F(x) is strictly positive in the first quadrant, (A.3) may only be employed
when x5 > 1. For the same reason, (A.4) may only be employed when zo < .
To illustrate that F'(x) is pseudomonotone on X, we consider the following sets:

Sy = {(xl,xg) : (f’(i) + % (21— 2)? — é (21 — .05)3) (s — 1) > 0}

36



1.2

0.8 J

0.4 4

Figure A.2: (S2NX) C (S1NX) for K1 =1.000 = SPM on X not demonstrated

S, = {(:El,xg) : (f’(i) + % (02— 2) — % (2 — .05)3>
(z2 —21) > % (z2 — 1) }
Sy = {(xl,@) : <f’§) + % (22— 2)% — % (s — .05)3>
K

Sy = {(xl,xg) : <f§) + % (21— 2)2 — % (21 — .05)3> (s — 1) < o}

for specific values of K7 > 0. The defining properties (A.3) and (A.4) are equivalent to

S C Sy forxy >
Sg C Sy for xo < 1

In the following plot for K7 = 1.000, the black crosshatched region above the 45 degree line corresponds to
S1, and the grey region corresponds to Sy in Figure A.2. As such, it is clear from the definition (A.2) of X

(SQ ﬂY) C (Sl ﬂY)

Y ={(z1,22) € X : 20 > 21}

Hence, function (A.1) has not been demonstrated to be strongly pseudomonotone (SPM) on X by the choice
of K1 = 1.0. However, if we choose K7 = 0.730, the sets S; (black crosshatch) and Sy (solid grey) have a

different depiction in Figure A.3, where we see that

(S2NY) = (S NY)
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Figure A.3: (S2NY) = (S NY) for K; =0.730

Moreover, for the same choice K7 = 0.730, we find that the plots of S3 and S, yield Figure A.4, where the
black cross hatched area corresponds to S3 and the grey area corresponds to S4. Thus, we see that

(53 M YC) = (54 M Yc)

where
Y ¢ = the complement of Y = {z1,20 € X : 22 < 271}

Hence, F'(z) is in fact strongly pseudomonotone on X, even though it is not monotone; at a superficial level,
this result seems surprising, since F'(x) gives the visual impression of being “extremely non-monotone”.
The strictly positive nature of (A.1) on X is critical to it being strongly pseudomonotone. Furthermore, a
close inspection of (A.3) reveals that strong pseudomonotonicity of a strictly positive scalar function may be
informally described as a requirement that it does not change “too rapidly”.

A.2 'Weak Monotonicity

To show F'(x) is weakly monotone on X, we need to show that
Ko 2
[F(ml) - F(atg)} (21 —a2) > (-1) 5 (01 —22)° Var,az € X (A.5)
where X is defined by (A.2). The relevant set is
_ . Ky 2
S5 = (@1,@2)  [Flar) = F(aa)| (@1 = 2) = (-1) 52 (01— 22)° Van,ep € X (A.6)
Based on (A.1), expression (A.5) is easily restated as

1 1 K.
{—3 (z1)® +0.55 (z1)? — 0.202 521 + 3 (22)° — 0.55 (2)% 4 0.202 525 | (z1 — 2) > (—1)72 (21 — 22)?

(A7)
Using (A.6) together with (A.7), the set S5 and its boundaries are depicted below in Figure A.5 for the
value Ko = 0.500 < Kj, from which it is apparent that F(z) is weakly monotone (as well as strongly
pseudomonotone) for all z € X. Note that the 45-degree line is part of set of points that satisfy (A.7). By
inspection we see that X C Ss; therefore, F'(x) is weakly monotone on X.
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Figure A.4: (S3NY*®) = (S, NY°) for K3 =0.730 = F(z) is SPM on X
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Figure A.5: Plot of set S5 illustrating weak monotonicity of F'(z) on X for Ky = 0.500
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A.3 Remark

The shape of DUE effective delay operators that correspond to specific dynamic network loading models,
including relevant flow propagation and non-negativity constraints, are not known. We can say that the
gently rolling nature of Figure A.l1 seems to be plausible and that, therefore, component-wise strongly
monotone operators that are also component-wise weakly monotone may be a class of operators consistent
with models of network loading, although that is not presently known and beyond the reach of the analysis
tools employed herein.
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