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Abstract

An essential feature in many dynamic traffic assignt (DTA) models used for planning purposes is to
compute the (dynamic) equilibrium assignment, whigawellers follow user-optimal routes, leading to
minimal experienced route travel times. To compiltese time-varying route flows in the equilibrium
assignment, an iterative procedure is typicallyunesgl, in which usually either the route flows betroute
costs are averaged over successive iterationsder dor the assignment to converge. To speed g thi
convergence, several methods have been proposegstad. This paper proposes a new method using en-
route route flow smoothing to efficiently deriveetdynamic equilibrium assignment. At the same tithe,
newly proposed method aims at solving potentiablenms due to grid-locks. When grid-locks (are aliout
occur, and consequently travel times increase esetlroad sections, travellers are rerouted (a&e &
detour) thereby resolving the grid-lock conditiomgese higher travel costs — due to detours andlten

for deviating from their initial route — will leatib different pre-trip route choice decisions, stitét in the

end an equilibrium still can be determined (whére equilibrium situation does not have grid-lock or
circular routes). The method is described and deste the Sioux Falls network. The application secti
shows that en-route smoothing indeed resolves lgcks and speeds up the convergence rate. In the
application, when applying en-route smoothing, agipnately half the number of iterations is needeéind

an assignment yielding an equal duality gap. Soxpéaaations are given for this, and suggestionsvade

to further investigate how the method can be impdov

1 Background

Dynamic traffic assignment (DTA) models focus ortireating time-varying network conditions by
describing route choice behaviour of travellersaarinfrastructure network and the way in which titadfic
dynamically flows over the network. We refer to f]d [2] for an overview of DTA approaches, inchgla
discussion of remaining challenges in DTA reseaartd applications. With respect to the solution
approaches, two classes of DTA models are genedidiinguished: analytical and simulation-based.
Analytical models are directly solved by using wealbwn optimization techniques, for instance, using

mathematical programming or control theory appreachor by formulating the model as a variational
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inequality problem. Examples are models proposef8Bj6]. These models are usually limited to ralaly
small infrastructure networks, since they use smuprocedures that do not take advantage of tkeifap
characteristics of the transportation problems.t@nother hand, simulation-based models are spaltyfi
designed for transportation problems and can hdadier and more realistic networks. These simutati
based DTA models are nowadays widely availablecamddefine the problem either on a microscopiclleve
(e.g., PARAMICS, AIMSUNZ2), a mesoscopic level (e.2YNASMART, INTEGRATION), or on a
macroscopic level (e.g., INDY, MARPLE).

Route choice models as part of simulation-based Diodlels typically describe optimizing travel
behaviour (i.e., minimization of generalized tragests). In these models, travellers are typicdiyumed to
choose their route from origin to destination a¢ time of departure and not to switch routes while
travelling. This relates to the non-equilibrium {brig@ assignment since, clearly, the chosen roug not be
the fastest or most attractive route when the ngtwonditions deviate from the predicted conditionke
difference in network conditions would yield anéntive to change to a different route if the tréarelvas
aware of the prevailing conditions. Instead of il en-route route changes, typically an iterative
procedure is used that allows travellers to chaoskfferent route in the next iteration, based otually
experienced route travel times and costs. Repe#tisgorocess leads to a user-equilibrium assighrimen
which no traveler can unilaterally switch routesdabe better off (Wardrop’s equilibrium law). A
comparative analysis of convergence methods fodyimamic equilibrium assignment is given by [6].alh
this iterative convergence procedure tends torpe-tionsuming explains the body of research onieffic
convergence methods.

Apart from the need for fast convergence, DTA msdeithin an iterative equilibrium framework
are prone to common problems with grid-locks. Tgpic DTA models merely propagate travellers over t
given routes and they cannot deviate from thiseralutring the dynamic network loading process. Iiet®
using queuing and spillback, this may lead to ¢pitks. Such grid-locks cause significant problemshie
model, since the propagation process halts anelttames cannot be computed and no equilibrium lman
determined. This problem arises mainly with intedrage route flows that have not converged yet tser-
equilibrium state and therefore some routes inezifip iteration have a too high flow rate. In piee, grid-
locks may occur but are generally resolved by tterseturning around or taking detours. This isitgben-
route route choice behaviour, which is not modelledTA models that usually have only pre-trip @ut
choice.

In this contribution, we propose a new method tomgote the dynamic equilibrium which aims at
both speeding up convergence and resolving theemwobf grid-locks. The proposed method makes use of
en-route flow smoothing to spread the route flowsirdy the execution of the dynamic network loading
model. This en-route route flow smoothing procedsarexplained in the next section. Characteristicthe
procedure are investigated on the Sioux Falls nétiothe application section thereafter. The cageace
efficiency (measured here by the duality gap) & ¢ém-route smoothing procedure is compared todhat
classical convergence approaches. In Section 4jrax® some conclusions on the convergence procedure

and the presented results from the applicationnaake recommendations for further research.
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2 En-route flow smoothing method
The proposed en-route smoothing method is baséldeohybrid route choice model described by [7] whic
combines travellers’ pre-trip and en-route routeislens. In short, this hybrid route choice modklvas for
en-route route decisions in the sense that evégysiection provides travellers the possibility exide (with
some penalty) to deviate from their pre-trip chos®rte when route costs on an alternative routeualer.
The model formulation is described in the ensuihtpis section.

Consider a road netwof® = (N,A), whereN is the set of network nodes afds the set of network
links (arcs). Let the modelling time horizon beeagivby sell. Furthermore, a set of origin nodB{1 N and

destination node§S [0 N are given. Travel demand for a given time periodl T is given for each origin-

destination (OD) pai(r,s)D RS in terms of vehicles per hour and is denoted for each depéreénstant

k by D"(k). The origin and destination nodes are assumed to be connethiiezbvealled connector links to

the network, which are included in get

First, suppose that within a certain iteratiofin the iterative equilibrium framework) all travellers

have been prescribed a certain routéet P(k) be the set of routes that are relevant for OD (a8 at

departure timé. The total travel demand for OD pairsf which is given byD™(k) is distributed according

to prescribed route ratgg;”" (k) over the routep0P™(k) where evidently) . X>OK)=1. The
route flows f;>" (k) are then computed as
foo (k) = x5 (K)D™(K) . 1)

These route flows are model input for the undedyitynamic network loading (DNL) model which
simulates the traffic flows over the network andlgs actual experienced (route) travel times. is work,
we applied the analytical DNL procedure includingnamic queuing and spillback, explained in [8].

To ensure convergence, we use the method of simeesgrages (MSA) in which the route traffic
flows are averaged over successive iterations. , Tthesprescribed route rates in iteratipnsed in Equation

(1) to determine the route flows, are computed as

X20(K) if i =1

XEO(K) = 2)

XD (K) +|}( X2OK) - X{jv“‘”(k)) otherwise

where x;(™ (k) are the route flow rates for the routps] P*(k) for all OD-pairs(r,s) RS at departure

time k in the previous iterationi{1), while )?[f'“’(k) are the intermediate route flow rates for the enirr

iterationi, computed as
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exp(-ar k) 1 Y. exd-aV7 k) ifi=1
prs.i OP™ (k)
X (k)= e . . (3)
p eXp(_a,(l)z-;)s,(l—l) (k))/ Z exr(_a(l)z.:j,(l—l) k ) otherwis
p'OP™ (k)
Here, 7°(k) is the free flow travel time on roufefromr to s departing ak, and7>‘™ (k) is the actual

experienced travel time in the previous iteratioAl). Hence, the prescribed route flows are, for fits

iteration, based on free flow travel times, while next iterations these are determined by the hctua
experienced (route) travel times in the previoesaiion. The scale parametef’ in the logit model in
Equation (3) determines the pre-trip smoothingomte flows. Note that lower values faf”) lead to a more
uniformly distributed OD travel demand over theexgnt routespdP™(k). In case of computing the

deterministic dynamic equilibrium assignment, thals parameter needs to be set sufficiently high.
The actual experienced route travel times usedjuafon (3) can be computed as a dynamic sum of

consecutive link travel times along the route,

o0 (k) = EZJ;;(k,t)gg—n ®, (4)

where 5£(k,t) is the dynamic link-route incidence indicator tleguals 1 if flow on route departing ak

reaches linka at time instant, and zero otherwise, ar@f ™ (t) is the link travel time for vehicles entering

link a at time instant, in the previous iteration-1).

Now, even though these routpshave been prescribed to travellers, in our ener@rhoothing
procedure, they may switch routes en-route. Ifenirtraffic conditions are such that travellers lagéer off
by deviating to another route, they might do sahia following, travellers with the same prescrilvedtep
can be seen as belonging to the same class oflér@vedence, the formulation in this section isuatly a

multiclass formulation where each class is a distiaute. LetqJQ"™(t), whereQ™(t) denotes the set of all

alternative routeg from intersection node to the destinatios at time instant. The fraction of travellers of
classp (i.e., having route as pre-trip prescribed route) following rowjes given by the probability that
routeg has minimal generalized route costs,

Xe©=Pr(ci? ©<c® @), 020Q ¢), ®

s, (i

Here X, )(t) is the fraction of clasg travellers following route at timeinstantt, based on the generalized

ns, (i
pa

ns, (i

o0 )(t), are the costs of following routg(which may (partially) overlap

route costc™® (t) . These costs;

with routep) while having pre-trip prescribed royteThese generalized route costs are computed as
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0 ()= 60 (1) + £ o0, (6)

where 87" (t) is the travel time on routgfromn to s, and (Z pqaf”) is the minimum improvement that is

required for travellers to be rerouted. This minimimprovement depends on the cost teph and the

route deviation proportioti ,, 0[0,1]. The cost term¢”, states that the new rougeshould be at least/”

faster for travellers to be rerouted to this roditge route deviation proportion is the relativegmof routeq
which does not coincide with the pre-trip presadibbeutep. Consequently, we assume that the more rgute

deviates from the pre-trip rouge the larger the minimum improvement needs to bardier to switch routes.

Note that in case routgfully overlaps with (the remainder of) roytethen? , =0, andcy® (t) = 67> (t).
On the other hand, if routg deviates from route, then? ,, >0, and routeq should be at Iea@ pqaf”)

faster in order for travellers to be rerouted is tbute.

In this work, we use the instantaneous travel timeetermine en-route route switching, or here
called en-route flow smoothing. Since the pre-topte fractions are based on actual experienceeltra
times (in the previous iteration), while the entmflow smoothing is based on instantaneous traneds,
the equilibrium state for the pre-trip assignmenhdt equal to the equilibrium state for the agsigmt with
both pre-trip prescribed routes and en-route flowoathing. However, the Wardrop user-equilibrium can
still be reached by fading out the en-route flowosthing over the subsequent iterations. Theretbeecost
term «/” in Equation (6) is iteration-dependent. More sfieally, the minimum improvement for en-route
rerouting increases as the duality gap decreasels,tkat en-route route smoothing is less likelghviigher

convergence.

The instantaneous route travel tim@$® (t) can be computed as
g =Y mm(eCm+e)], )
alA

where 5; (t) is the static link-route incidence indicator (€inonstantaneous travel times are considered here)
that equals 1 if linka belongs to route, and zero otherwise, and the instantaneous laketitimesg" (t)
are computed by the DNL model. The error tesi~ N (0,0’az), with cra2 >0, results in a spread of traffic

flow among the (instantaneous) fastest routes.

Equations (5)-(7) provide no closed-form expressmdetermine the class-specific en-route reroute
fractions, which necessitates solving these by meznsimulation. The assumption of independent and
identically Normal distributed link error terms tsato the Probit assignment model [9]-[10]. To tinfie
required number of independent consecutive drawgdplicate the error distribution), low discrepganc

sequences are used. In this work, the MaodifiednLidiipercube Sampling (MLHS) method is applied [11].
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In sum, the proposed en-route smoothing procedioesafor en-route rerouting when alternative
routes provide a minimum improvement (in instantuseroute travel time). This minimally required
improvement increases over successive iteratidngs fading out the effect, such that in the end the
proposed procedure converges to a (pre-trip) dymaguilibrium state similar to the dynamic equiliton
assignment computed by classical convergence puoegdThe procedure has two advantages. First,of al
when grid-locks (are about to) occur, and conseifpgiavel times increase on these road sectioagellers
are able to deviate to a different route (i.etalke a detour) thereby resolving the grid-lock d¢bods. The
DTA model is not halted and travel times can be mated. Note that these higher travel costs (due to
detours and penalties for deviating from theiriditroute) will lead to different pre-trip route aice
decisions, such that in the end an equilibrium stih be determined (where the equilibrium situatioes
not have grid-lock or circular routes). Second lgfiecan be reasoned that convergence is fastestdrting
(within the hybrid route choice model) with en-redtow smoothing and progressively moving towards p
trip route decisions. Namely, procedures basedretirjp routing converge over successive iteratiovigle
the proposed en-route smoothing procedure convdrgidsover successive iterations and within a singl
iteration (during simulation). Both these advantagecharacteristics are tested and discussed inekie

section.

3 Application

To investigate the characteristics of the propasedoute smoothing procedure, the following appiicais
chosen. The considered network is the Sioux Falte/ork, shown in Figure 1. The network layout iseta
from [12], and originally consists of 76 networkks, and 24 nodes. To make the network suitable for
dynamic assignment, the (original) origins/destora are offset from the network nodes, thus angadin
additional 48 connector links and 24 origins/desttons. Network characteristics (speed, capaciymber

of lanes, etc.) are approximated using satellitages of the real network provided by Google Magse T
static travel demand [12] is distributed over tiaweording to the departure time profile given irblEal.

Table 1 Departure time profile for dynamic travel demand

From [h] Till [h] Fraction
00:00 00:40 0.10
00:40 01:20 0.15
01:20 02:00 0.25
02:00 02:40 0.25
02:40 03:20 0.15

03:20 04:00 0.10
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Figure 1 Sioux Falls network (source: [12])

3.1 Experimental setup
In the remainder of this section, we compare thep@sed en-route smoothing procedure with altereativ

convergence procedures. The tested procedures are:
+ no smoothing: the scale parameter® in the logit model in Equation (3) is set suffitily high, such

that the intermediate route flow rates on the fisteutep approximate 15(;'“)(k) =1, while these

rates approximate zero on all other (slower) routésge minimum improvement for travellers to be

rerouted,a” , is set sufficiently high, such that en-route wimg/smoothing does not occur, and

consequently pre-trip prescribed routes are foltbfvem origin to destination.

* pre-trip smoothing: intermediate route flow rates are smoothed owailable routespdP'(k),
where routes with lower travel times (in the presadteration) receive a higher share of traffiovflo
To this end, the scale parametgl in the logit model in Equation (3) is set to afwigntly low
value. However, to ensure reaching the equilibratate, pre-trip smoothing decreases over successive
iterations, meaning that the scale paramet@rincreases with an increasing iteration. Here, ate s
a® :=20. Note that lettingz™ increase in this way is made based on some tast hut was not

extensively evaluated. Other ways of decreasingtedrip smoothing may lead to different results.
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« en-route smoothing: route flow rates are updated during simulatioa. (iexecution of the DNL model)

based on the instantaneous travel tirﬁEé”(t) , and a minimum improvement that is required ireord

to reroutea” . The minimum improvement is set sufficiently losuch that travellers are rerouted to
currently faster routes (based on instantaneouglttames), thus allowing en-route flow smoothing.
To ensure reaching the equilibrium state, en-reateothing decreases over successive iterations. To
this end, the minimum required improvemedt increases in subsequent iterations. Here, we set

o/ :=(i-1)/2 minutes. Or, in wordse/” =0 in the first iteration, andJ” increases with half a

minute in every subsequent iteration. Once agaitint «/” increase in this way is made based on
some test runs, but was not extensively evalugiecemark is made in the conclusions section on
other ways of decreasing the en-route smoothing.

* pre-trip and en-route smoothing: the pre-trip smoothing (smoothing pre-trip intediate route flow
rates) and en-route smoothing (updating route fimes during simulation) are both applied, each wit
the same settings as described above.

To compare the performance of these alternativeergence procedures, we use the duality gap as

a measure of convergence rate. The duality gép, is given by

T

> [0k 120 (K) ok - jOT 3 [r:;'“’(k)D’s(k)]dk

. 0 rs
n(,) - (r,s)ORS pOP'™ (k) (r,s)IRS . (8)

joT ¥ [r;“)(k)D'S(k)]dk

(r,s)IRS

In words, the duality gap computes the relativéediince between the total experienced travel timyea(l
travellers) and the system travel time that woubdrespond with all travellers having the travel dim
belonging to the shortest route for their OD-pdémoted by routg .

The results are presented and discussed next.

3.2 Numerical results

Before presenting the convergence results, we tastemark here that initially problems with grictlo
occurred within early iterations in case of pr@-tsmoothing. A possible explanation that in patéicihe
pre-trip smoothing procedure was found to be prongrid-lock problems is the following. Within egrl
iterations while applying the pre-trip smoothingpgedure, relatively large traffic flows are assidjrie a
number of the prevailing fastest routes. The nundfensed routes is higher than in case of no ppe-tr
smoothing (note that in the ‘no smoothing’ settihg number of used routes per OD-pair never excieds
iteration number, thus being small in early iterad when grid-lock is most likely to occur). A hagh
number of routes being used, basically leads #rget probability that route flows cross in suclvay that
grid-lock may occur. At the same time, once gricklmccurs, the pre-trip smoothing procedure dods no

allow for rerouting. Hence, the grid-lock cannotrbsolved.
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The grid-lock problems in the pre-trip smoothingfings were solved by ensuring a minimum traffic
flow (even when the links downstream of the nodeewally occupied). Thereby, the propagation praces
could continue and the DTA model was capable ofmgding travel times, and new (intermediate) route
flow rates. This minimum traffic flow was set 805/ of the upstream demand. Note that this ad hoc
solution may solve the problem of grid-lock, yetldis underestimated route travel times since tréwgls
are not corrected for severe delays due to grid-bmnditions. We wish to emphasize here that tiopgsed
en-route smoothing procedure does yield corredertavel times, as the grid-lock conditions areided or
solved in a coherent way by allowing travellerstake a detour. That this ad hoc solution in thetppe
smoothing procedure leads to underestimated roanelttimes and hence evidently has a negativedhipa

the rate with which the assignment converges talyimamic user-equilibrium is shown next.

duality gap

0.48

0.44

0,36

0.32

0.28

i 1
024 [~ - L’(\
_____ e hoeeee
]

[Eh=In i Y B T B e

016

0.12

pre-trip + en-route i

“smioothing \i /\

0.08

0.04

A G LS S S S S A A SRS S S

o
=
ma
=
o
[N
[

iteration

Figure 2 Duality gap for various smoothing procedures: noathing = blue graph, only pre-trip smoothing

= green graph, only en-route smoothing = red graptl,both pre-trip and en-route smoothing = cyaplgr

The convergence speed of the various proceduresgasured by the evolution of the duality gap
(given by Equation (8)) over successive iteratigmglotted in Figure 2. Note that the computedlitugap
in the first few iterations in the pre-trip smoaotbicase are incorrect in the sense that the aetpalrienced
travel times are underestimated due to the ad blotien explained in the previous paragraph to edhe
grid-lock problems. From the results in FiguretZ;ain be seen that the pre-trip smoothing has serehble

benefit over no smoothing (while having the presgiguliscussed problems). This while in case of @pgl
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the en-route smoothing procedure, approximateliydighe iterations are needed to find an assigrimth

an equal duality gap. We should mention here thaprincipal, the computation time of a single dtéon
while applying the en-route smoothing procedureedases, due to computing new route flow rates durin
simulation. However, two processes are at work.h@rethe one hand, computation time in early iterst
increase by approximately 30-40 percent as roote fates are relatively often updated. On the oftzerd,
the computation time of later iterations is appneiely equal or even lower. This is due to roubevftates
being less often updated (as the minimum improverteemeroute increases), and less congested network
conditions which leads to faster computation dughéoway in which the DNL model is implemented. $hu
the overall computation time of the various conesige procedures is comparable. Finally, it candsm s
that combining the pre-trip and en-route smootlpngcedures (where the ad hoc solution used in the p
trip smoothing method is not required and thusedravel times and the duality gap are computerkecty)
does not benefit the convergence. Apparently, tipeseedures are not compatible in the sense thang
the current implementation and application scendhie advantages of pre-trip smoothing and thosenef
route smoothing level each other out when appliedilsaneously. The reason for this is somewhateancl
and requires further investigation. This howevezggbeyond the scope of this paper and is hencédeved

future research.

4 Conclusions

This contribution proposes a new procedure to caenghe dynamic equilibrium assignment, which retias
en-route rerouting, here also called en-route ftimmoothing. The proposed procedure aims at speeqgling
convergence within an iterative equilibrium framelvgusing, e.g., MSA), and at the same time solving
common problems with grid-locks in a coherent waiie theory and mathematical formulation of the
procedure are explained, and the characteristigardeng convergence speed and grid-locks are tested
against other convergence procedures. Based oprésented results, the following conclusions can be
drawn.

First of all, the en-route smoothing procedurevasidhe occurrence of grid-locks to be avoided or
solved. In most DTA models, travellers are merelyppgated over the given routes and they cannoaidev
from this route during the loading process. In medesing queuing and spillback, this may lead taol-gr
locks. Such grid-locks cause significant problemshie model (as also in the application presentetthis
paper), since the propagation process halts amdlttimes cannot be computed and no equilibrium koan
determined. Our proposed en-route flow smoothinghow allows for en-route rerouting, such that when
grid-lock occurs (or is about to occur), travel ésnon these road sections increase, and travelters
rerouted (i.e., take a detour) thereby resolvirg ghid-lock conditions. These higher travel coshge(to
detours and penalties for deviating from theiridhitroute) will lead to different pre-trip route aice
decisions, such that in the end an equilibrium séih be determined (where the equilibrium situatioes
not have grid-lock or circular routes).

Second of all, the en-route smoothing proceduabkes route flow smoothing during simulation
(i.e., during the execution of the DNL model) whigfiows for faster convergence to the dynamic
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equilibrium assignment. In the presented applicatichen applying en-route smoothing, approximalellf

the number of iterations is needed to find an assent yielding an equal duality gap. Herein, thearte
smoothing procedure helps in early iterations tmpote route travel times which prove to be closethe
travel times under equilibrium conditions, therefpeeding up the convergence. Since the procedure is
(currently) based on instantaneous route travetginthe en-route smoothing is faded out over suleseq
iterations to ensure that the iterative assignnsemtectly converges to a (pre-trip) dynamic Wardusjer-
equilibrium, similar to that computed by classicainvergence procedures. This has been shown in the
application section testing the proposed methodnagaarious other convergence methods on the Sioux
Falls network.

Finally, based on the current research findingshér research is recommended on investigating the
type of network conditions under which applying #reroute smoothing method has the intended bsnefit
and on testing how the en-route smoothing procedworé&s under various settings. A potential apprdach
the latter, is thought to be setting the minimunpriavement for en-route rerouting as route specifica
function of the difference between the experiertcage! time on this route (in the previous iterajiand the
travel time on the fastest route (in the previdastion) between the same origin and destinafibis way,
travellers following a route which proved to haveetative high travel time (in the previous itecst) are
more prone to being rerouted, while travellersdimihg a route with a travel time similar to that tbe

fastest route (in the previous iteration) are niiely to remain on their pre-trip prescribed raute
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