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RESUME

Depuis plusieurs années, le transport durable giléede I'automobile dans les grands centres
urbains suscitent beaucoup d’intérét. La congestatiere, la pollution, les gaz a effet de serre,
la consommation énergétique et I'étalement urbainnwotivé le développement de nombreuses
stratégies qui visent a modifier le comportemerst d@yageurs, surtout a l'intérieur des villes.
En méme temps, les discussions concernant la won&lléacon de financer les grandes
infrastructures en transport cherchent a trouvecampromis entre les principes d’efficacité et
les principes d’équité. Cette these a comme olbjdetcontribuer, d’'une maniére modeste, a ces

discussions en clarifiant les enjeux entourantpeobléme » du transport routier.

Le projet de recherche décrit dans cette thesimmedé sur deux concepts déja bien documentés :
une analyse des systemes de transport urbainnmatedésagrégée basée sur l'information, de
méme que sur I'équité géopolitique en transporndie cas actuel, I'analyse désagrégée est
appliguée a un sous-échantillon de I'enquéte aeigiestination de la grande région de Montréal
effectué en 2003. Le concept d’équité géopolitigsieappliqué a I'étude des 15 ponts qui relient
la ville de Montréal au réseau routier nord-amémnic@es grandes infrastructures jouent un role
essentiel de redistribution parmi les nombreusesicipalités qui font partie de la grande région
métropolitaine. Outre la redistribution des persmet des marchandises, les ponts permettent
également la redistribution des colts externes rdasport, spécifiquement la congestion

routiére, la pollution et le bruit.

L’enquéte origine-destination a demandé a chagodwmeur d’indiquer lequel des ponts ils ont
utilisé pour compléter leurs déplacements. Dande ceecherche, les réponses ont été
soigneusement examinées afin de construire unéchemtillon valide des déclarations de pont
pour la période de pointe du matin d’une journég/enae de la semaine. Le sous-échantillon
validé était composé de 8 583 observations. En m@&mgs, un modele détaillé du réseau
routier, comprenant plus de 100,000 liens et 70,06fuds, a été construit. Les liens étaient
classifiés par fonction et par juridiction (munigip, provinciale ou fédérale). Puisque ces
simulations étaient basées sur I'approche totalerdésagrégée, elles ne comportent aucun

systeme de zone, aucun centroide et aucune matigtee-destination.

Deux types de modéles ont été construits. Le matkehalidation affectait chaque déplacement

du sous-échantillon de I'enquéte au plus-court ¢hgrassant sur le pont déclaré. D’autre part,
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le modele de simulation visait a prédire le chaxpbnt selon divers heuristiques fournis par la
théorie du choix discret et par TRANSIMS, une platene de modélisation basée sur les
activités. Puis, I'efficacité et la pertinence degue modéle ont été discutées. Tous les modéles
de simulation reproduisaient correctement 75% desixcde pont observés dans I'enquéte
origine-destination. Une comparaison des itinésag@énérés par les modeles de simulation et de
validation a facilité une analyse détaillée desuwns de prédiction des modéles de simulation. Le
modéle de validation a également été utilisé paumesure des effets redistributifs des codts
externes de transport parmi différentes populaidimtérieur de la grande région de Montréal.

Les résultats de ce travail ont mené a quelquetrilbotions originales aux domaines de la
simulation des réseaux routiers et a la discussionfinancement équitable des grandes
infrastructures routiéres. D’abord, une méthode gilise une matrice de confusion pour
identifier et corriger des biais dans un modelecheix de pont. Deuxiemement, un examen
détaillé de phénomene d’indifférence des condustéage a de multiples options équivalentes,
le distinguant de deux autres types d’erreur deligtién : la déviance et I'erreur grossiere.
Finalemement, une des premiéres applications dicidbgTRANSIMS & un échantillon de

déplacements observés, qui sont normalement sigéhét partir d’autres informations.

En ce qui concerne I'équité géopolitique en transpmette these examine non seulement les
effets redistributifs des infrastructures routiepesmi différentes municipalités, mais aussi les
effets de distorsion amenés par les gouvernemaptrisurs. Cette analyse est rendue possible
grace a la classification des liens du réseauyatigtion. En plus, une comparaison du modéle
de simulation avec des indicateurs agrégés de ounation et de l'offre des services de

transport routier générés par le modéle de vatidata seulement révélé des différences
mineures. Ceci suggére qu’'un modeéle de simulatwédictif) serait applicable a I'analyse de

I'équité de divers projets ou politiqgues hypothéésg. Le résultat final de ces explorations est la
formulation d’un systéeme de péréquation entre lasiapalités de la grande région de Montréal

pour le financement plus équitable des grandesstrictures routieres comme les ponts. Ce
systeme, qui vise la parité entre les différenteminipalités, serait basé sur les patrons de
consommation et d'offre des services de transpbeewés. Enfin, cette these permet de
disséquer les notions de codts liés a la congestidiutilisation de méthodes de simulation

conventionnelles permettant de les estimer. Cateeepermet alors une discussion éclairée sur

le transport équitable et 'imputation des coltemes du transport routier.
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ABSTRACT

The past several years have witnessed a growiegesttin sustainable urban transportation and
a re-evaluation of the role of the automobile ingéa urban areas. Traffic congestion, air
pollution, greenhouse gas emissions, energy consompnd urban sprawl are all topics that
have stimulated the development of various stratethat aim to change the way people travel,
especially within cities. At the same time, thgsuiss surrounding the best way to finance major
transportation infrastructure are framed in a deladout efficiency versus equity. This thesis
proposes to contribute to these discussions byhfeg, to a modest degree, the “problem” of

urban automobile travel.

The research described in this dissertation isdedron two already-documented concepts: the
totally disaggregate information-based approach utban transportation simulation and
geopolitical equity. Following the precepts of tfemer, this research uses data contained
within the 2003 Montreal travel survey. With regéodhe latter, the research subjects are the 15
bridges that connect the island-city of Montreathe mainland. These infrastructure elements
play a vital role in the redistribution, among thezens of municipalities within the urban region,
of people and goods and of the external costs adfety particularly traffic congestion, air

pollution and noise.

The travel survey asked automobile drivers to iadiovhich major bridge they used over the
course of their trip. Their responses were metigsipp examined to construct a valid sub-sample
of declarations describing bridge usage pattermmguhe a.m. peak period of a typical average
weekday. The final sub-sample contained 8,583 ohtiens. Meanwhile, a model road network
of the Greater Montreal Area was constructed. Thimplete network contained over 100,000
links and 70,000 nodes. The links are categorizedfumctional class and by jurisdiction
(municipal, provincial or federal). Since all thensllations are based on the totally disaggregate

approach, there is no zone system, no centroidsamdigin-destination matrix.

Two types of models were estimated. The first typmlled the validation model — assigns each
trip in the survey sub-sample to the shortest patftaining the declared bridge. The second type
— the simulation models — attempts to predict theiae of bridge using various heuristics
provided by discrete choice theory and by the agthased modelling platform TRANSIMS.
The usefulness and relevance of each of the differedels are discussed. All the simulation
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models correctly reproduce around 75% of the olesktwidge choices. Comparisons of the
itineraries generated by the validation and sinmaimodels permits a detailed analysis of
model prediction errors. The validation model soalised to estimate how the costs and benefits
of travel associated with the major bridges arestaduted among different population groups

within the Greater Montreal Area.

The results of this work yield several original tdvutions to the discipline of automobile
simulation and to the discussion of equitable femag of road infrastructure. First, this research
describes a method for using a confusion matrideatify and in some cases to correct biases in
a model of road facility choice. Second, this reslesexamines in detail the phenomenon of
driver indifference toward multiple equivalent aftatives, and distinguishes indifference from
other types of model error, specifically devianoe @ross error. Third, this project represents
one of the first applications of real travel demalada to a state-of-the art disaggregate traffic
simulation platform (TRANSIMS). Most users of TRANS must synthesize their travel

demand data from aggregate information.

With regard to geopolitical equity, this thesis exaes not only the redistribution effects among
different municipalities, but also the distortinffieets caused by the provision of major transport
infrastructure by the superior levels of governmertis analysis is made possible by the
classification of network links by jurisdiction. laddition, a comparison of the aggregate
indicators of consumption and supply by the val@atmodel with those generated by a
simulation model revealed only small differencesmdnstrating that a simulation model could
be applied to evaluate the equity dimension of ltypiical transportation policies. The result of
these investigations is the formulation of an egasibn mechanism for the realization of parity
between the numerous municipalities of the Greltentreal Area based on their respective
consumption and supply patterns. It is proposetigheh a system would provide an equitable
basis for the financing of major road infrastruetlike the major bridges. Finally, this research
dissects the notion of the costs of congestionthadise of conventional simulation methods to
estimate them. Such an exercise is essential tenaghtened discussion about the costs and

benefits of automobile travel.



CONDENSE EN FRANCAIS

Les ingénieurs et planificateurs en transport $&® souvent impliqués non seulement dans la
conception et I'optimisation des systémes, maissiadans I'évaluation des impacts de ces
systemes sur le grand public, les populations qdidres et I'environnement naturel. Ces

responsabilités supplémentaires exigent le dévelmept de nouvelles méthodes qui permettent
de mieux comprendre les systemes humains en gé@tédeasystéme de transport en particulier.

Pour ce faire, il sera question du processus aérisi qu'ont les conducteurs lorsqu’ils
choisissent les grandes infrastructures a emprupterr un déplacement. A ces fins, le
développement d'un modéle de circulation routieeemgettra la quantification des codts et
bénéfices liés au transport, de méme que leurildistvn parmi les différentes populations.
Celle-ci est plus particulierement évaluée seloprilecipe d’équité, qui est un enjeu crucial dans

I'élaboration des politiques et dans la concepties systémes liés aux services publics.

Cette démarche sera basée sur des données condanil@gation des ponts, obtenues aupres
des conducteurs automobiles de la grande régioiMaetréal, via I'enquéte téléphonique
origine-destination de grande envergure ayant eu kn 2003. L’exploitation de cette
information pour I'analyse des questions d’équié rendue possible grace a I'adoption d’'une

approche totalement désagrégée.

774 7

Les modeles de réseau de transport ont d’abordéd&oppés danle domaine de la recherche
opérationnelle. Un réseau est normalement rep&seian la théorie des graphes. Les segments
de rue sont transformés en liens orientés et tessiections deviennent des nceuds. Les liens ont
toujours un attribut de codt et souvent un attriteitapacité. Certains nceuds servent d’origine et
de destination a la demande, qui est affectée sravéselon un algorithme spécifié. Un de ces
algorithmes fondamentaux est le calcul du chempide court (Bellman, 1958; Dijkstra, 1959).

Dans le cas spécifique de l'affectation des autalesiprivées sur un réseau routier, le principe
de I'équilibre descriptif de Wardrop (1952) serhypothése de base. Selon ce principe, chaque
conducteur choisit son chemin d’'une fagcon qui misanson propre temps de parcours. La
fonction objective qui représente ce principe a dé&¢eloppée par Beckmann, McGuire &
Winsten (1956). Frank & Wolfe (1956) ont pour lqart congu une premiere méthode pour
optimiser cette fonction, qui est sujette aux caintes de la conservation des débits et de la non-

négativité des volumes. Ces méthodes et ces canceptété incorporés dans les logiciels



commerciaux qui sont actuellement déployés dardoiraine de la planification du transport

urbain et qui forment une partie intégrale du peyaé des quatre étapes.

La méthode de planification en quatre étapes séiglles (Martin & McGuckin, 1998) est née
au milieu du dernier siécle, coincidant avec I'égeace des premiers ordinateurs, mais avant le
début de « I'age de I'information ». Par conséquinméthode repose sur des représentations
simplifiées de l'offre et de la demande, qui sordtimématiquement démontrables et qui ne
dépendent pas d'une grande quantité de donnéesquatee étapes sont : la génération de la
demande, la distribution de la demande, le choidah@t I'affectation au réseau. Il existe
pourtant une autre étape préalable aux quatre £f@apecipales, soit la définition d’'un systeme

de zones.

Les conséquences de baser une simulation de réseamm découpage territorial arbitraire sont
nombreuses. En premier lieu, le découpage apportdiais d’agrégation a l'analyse. Les
résultats de la simulation dépendent de la tatlldes frontieres de ces zones. Deuxiemement,
'agrégation cause une perte importante d’'infororagn remplacant une distribution de valeurs
par une moyenne. Troisiemement, I'existence d’'wstesye de zones impligue la construction de
nceuds et de liens artificiels dans le réseau, kst centroides et leurs connecteurs.
L’emplacement et la configuration de ces élémemisume influence non-négligeable sur les

résultats d’'un modele d’affectation.

La procédure séquentielle classique et les modédigctation qui en font partie ont souvent été
critigués pour leurs hypothéses simplistes et lmanque de réalisme par rapport a la
représentation du comportement humain. En réporss aritiques, des modeles de plus en plus
complexes au niveau algébrique ont été développas demeurent ancrés dans le paradigme

agrégé des quatre étapes.

La troisieme étape de la procédure séquentielksicjae (le choix de mode) se distingue par sa
nature désagrégeée. Le type de modele le plus sbagepté pour prévoir la part du marché d’un
mode de transport en particulier est le logit nmoltnial de McFadden (1974). L’estimation de ce
type de modele exige des données concernant lesad®individus. Il faut aussi étre en mesure
d’identifier et de décrire toutes les options disiptes pour chaque voyageur.

Les modeles logit font partie de la classe de nesddlutilité aléatoire. Des variantes de ces

modeles ont été appliguées aux choix d’itinéraies adtonducteurs sur un réseau routier
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(Ramming, 2002; Frejinger, 2008). Ces méthodes¢dsasur la théorie probabiliste du choix
discret, représentent une approche assez distidese algorithmes d’affectation routiére

normalement appliqués au sein de la procédure taeggiapes.

L’analyse des erreurs constitue un aspect intémesses modéles désagréges de choix. Les
prédictions d’'un modele peuvent étre comparéeshaix en utilisant une matrice de confusion.

Cette matrice permet l'indentification et la caéadation de certains marchés qui sont mal
représentés par le modéle (Spurr & Chapleau, 200¢. analyse des caractéristiques de ces
marchés constitue une méthode systématique pautifidedes lacunes du modéle.

Développée a I'Ecole Polytechnique de Montréalppimche totalement désagrégée de la
planification des systemes de transport (Chaplé882) offre peu de ressemblance face a la
procédure séquentielle classique. Elle est baséensuenquéte téléphonique d’environ 5% des
ménages dans la grande région de Montréal. Cetigdésn contient de I'information détaillée sur
le comportement des voyageurs pris individuellemienmnité irréductible de toute analyse est le
déplacement et ses attributs. Les attributs dersopne effectuant le déplacement et les attributs

du ménage auquel elle appartient sont conservétapetout le processus de modélisation.

Parmi les attributs du déplacement, on retrouvegiioe, la destination (géo-référencées au
metre prés) et une description partielle du chesmiprunté. Pour les déplacements effectués par
transport en commun, cette description inclut igsds de transport empruntées, alors que pour
les déplacements automobiles, elle inclut les autes et les ponts. L'information sur les
itinéraires de transport en commun est utiliséerpuoalider le modéle d'affectation.
L’information sur les ponts et les autoroutes r@mais été exploitée aux mémes fins dans un

modele d’affectation routiere.

L’'approche totalement désagrégée ne dépend d'aystéme de zone. L'agrégation est toujours
possible et souvent souhaitable, mais seulemesgualle est appliquée aux résultats de
lanalyse. Cette propriété de l'approche permet éwmaluation de nombreux phénomenes,

incluant I'équité, sur toutes leurs dimensions.

L’équité en transport fait référence a la manieomtde public est traité par le systéme de
transport. La majorité de la recherche dans ce denwncerne les populations défavorisées et
'analyse de leurs besoins de mobilité (Forckenkb&dSheeley, 2004; Litman, 2006). D’autres

volets de recherche impliquent I'équité, méme scdacept n’est pas toujours explicite. Par
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exemple, I'implantation d’'un systeme de péage esupiourrait étre considérée comme étant
équitable, ou chaque voyageur paie le « vrai » ggisa consommation, soit I'internalisation des
colts de congestion. Par contre, un péage peutrgégat étre considéré comme un fardeau
supplémentaire pour les ménages a faible revenutilitation des fonds générés par le péage

implique elle aussi des questions d’équité.

Le probleme de I'équité en transport comporte aussidimension geopolitique. Puisqu’il s’agit
d’une infrastructure publique, le réseau routi¢russpuissant mécanisme de redistribution. Une
population porte le fardeau des colts et une ajowé des bénéfices. L'effet de cette
redistribution est équitable dans la mesure oudms< populations sont les mémes. Dans
plusieurs grandes agglomérations urbaines, un phéme d’évasion fiscale est observé ou
chague municipalité cherche a bénéficier d’'uneastfucture sans avoir a en payer les colts. La
victime principale de ce comportement est générafenta ville centrale, qui fournit une
proportion importante des services aux banlieuetteCdistorsion fiscale a été quantifiée et
rectifiée en partie pour le cas du transport enmamdans la grande région de Montréal, grace a

une analyse de consommation basée sur I'approtdlerteent désagrégée (Chapleau, 1995).

La ville de Montréal se trouve sur une ile liéeré@seau routier nord américain par quinze ponts.
Ces infrastructures ont une influence importante laudistribution du trafic sur le réseau
régional. Quatre d’entre eux appartiennent au goweent fédéral, les onze autres au
gouvernement provincial. Dix des quinze ponts arg alassification fonctionnelle d’autoroute
alors que les autres sont plutdt des rues ar&@siell des fins de synthése des résultats, les ponts

sont groupés dans quatre lignes écran qui forevesgmble un cordon autour de l'ile.

L’enquéte origine-destination de 2003 contient 8@ @éclarations de pont. Pour les fins de cette
recherche, I'analyse se limitera a I'heure de modu matin (6h a 9h) durant laquelle on retrouve
environ 9 000 déclarations. Certains déplacemempfiquent 'usage de deux ponts. Ceux-ci ont
été exclus de I'analyse. De plus, la structure’@lgguéte permet d’attribuer les caractéristiques
d'un déplacement, d’'une personne, d’'un ménageust trritoire a un pont en particulier, si la

déclaration de pont est crédible. La validatiorcele déclarations est donc une étape primordiale.

La validation des déclarations de pont est effecere estimant deux modeles d’affectation : un

modele de simulation et un modele de validationnmarele de simulation est une affectation
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tout-ou-rien de chaque déplacement au chemin dgueé ¢¢ temps de parcours minimal. Le
modele de validation affecte plutét chaque déplargmu chemin le plus court, mais contraint
au pont déclaré dans I'enquéte. Une comparaisotedgss de parcours et itinéraires générés par
les deux modéles permet d’évaluer la plausibiléé cponses. Les déplacements ayant un temps
de parcours simulé beaucoup plus petit que le tetepgarcours validé sont alors enlevés du
sous-échantillon. Parmi les 8 583 déplacementsiustpour I'analyse complete, le modéle de
simulation prédit correctement 74.1% des choix detp observés. Les prédictions incorrectes
peuvent étre attribuées a trois phénomenes : fférdnce, la déviance et I'erreur grossiéere. Les
deux premiers phénomeénes sont des éléments incoatdes de tout modele prédictif mais la
présence de I'erreur grossiere (déclaration errané@evaise codification de la réponse, etc.) doit
étre minimisée. Malgré le fait que I'identificatioléfinitive des erreurs grossiéres est impossible,
le processus de validation suggere qu’elles neésemtent pas plus de 5% de I'échantillon

validé.

Pour arriver a construire un modele de circulatideux composantes sont nécessaires, soit
linformation sur la demande et l'information déaint I'offre. Un réseau de 104 000 liens et
70000 nceuds a été construit a partir d'un réseausithulation développé a I'Ecole
Polytechnique de Montréal et d’'un réseau numériqueni gratuitement par le programme
GEOBASE du gouvernement du Canada. Le réseau délisattbn comprend deux structures
hiérarchiques paralléles : une hiérarchie fonctidleret une hiérarchie de juridiction. Toutes les
rues de la grande région de Montréal sont inclds@es ce réseau. La vitesse de chaque lien est
basée sur sa classe fonctionnelle (autoroute,eartae locale) et sur I'observation directe.
Puisque I'échantillon de la demande est limité daplacements empruntant un pont, ceux-cCi
sont les seuls liens du réseau auxquels une cépalaitisible a été affectée. La capacité de
chaque pont a été estimée a partir de la demarskr\a@e et du nombre de voies pour chacune

des directions.

Afin de conserver la structure désagrégée de Fméion détaillée de I'enquéte origine-
destination, il est nécessaire d’estimer des meddie choix individuel. Le modele logit
multinomial représente donc une option valable.nhedele logit est un type de régression
linéaire généralisée ou la variable dépendantareshoix représenté par les valeurs 0 ou 1, dans
ce cas-ci le choix de pont. Plusieurs formulatisost proposées et une matrice de confusion est

utilisée afin d’analyser les erreurs et la puisegm@dictive de chacune.
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Ces trois modéles réussissent a prédire correctemg¥h des choix de pont observés.
L'utilisation des ponts non-autoroutiers est paftérement difficile a modéliser, mais les
variables incorporant la congestion routiere ajoupeu a la puissance prédictive du modéle. Les
caracteres différents des réseaux routiers moatseat des banlieues ont une influence
significative sur le choix de pont. En général, kilometre parcouru sur I'lle de Montréal est
associé a une désuitilité plus grande qu’un kiloenparcouru hors-ile. Les ponts qui font partie
du réseau autoroutier semblent étre préférés aqeiuxen font pas partie. Sommairement, ces
modeéles permettent de déduire certaines caraajésst de I'offre a partir des attributs de la
demande. L'estimation des indices de consommatiten@nstruction des itinéraires complets a
partir des prédictions des modeles logit sont bssigrace a une affectation tout-ou-rien

contrainte au pont prédit par le modéle.

Les modeles de choix désagrégés permettent dergenses attributs des déplacements et des
voyageurs pendant l'affectation de la demande suréseau. Par contre, ces modeles ne
permettent pas de représenter de facon expliciteatactere dynamique d’'un réseau routier
urbain. La congestion sur les autoroutes et lesspest un phénoméne qui varie dans le temps et
selon le niveau de la demande pour ces infraste&tiPar ailleurs, le réseau urbain est controlé
par des feux de circulation qui ont une influenogpartante sur la vitesse moyenne des
véhicules, et par conséquent sur le temps de d&pkEwt. Le logiciel « open-source »
TRANSIMS est un outil qui incorpore ces phénomeésiequi conserve la structure désagrégée
de la demande pendant la procédure d’affectatianplDs, le logiciel enregistre les attributs
microscopiques de chaque itinéraire simulé, offdoric la possibilité d’examiner I'importance
des attributs des différents types de rues et devements sur le choix d’infrastructure d’'un

conducteur.

TRANSIMS est utilisé pour démontrer une approcheéexentale a I'affectation de la

circulation routiére. Un réseau fictif de 4 000Xeaie circulation est développé et un algorithme
itératif lui est appliqué pour représenter une estign dynamique. Au cours des 10 itérations de
la simulation, il est possible d’observer les clangnts de chemin et de pont résultant de la
congestion simulée. D’ailleurs, la puissance ptédicdu modele est évaluée a la fin de chaque
itération. Les résultats de cet exercice montret wariation importante des taux de prédiction
juste pour ce qui est des ponts desservant ungélkenon-captive. Malgré cette variabilité, le

taux global de prédictions justes demeure stablecams des 10 itérations, soit pres de 75%.
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Cette stabilité découle du fait qu’'une amélioratoun taux de prédiction lie a un pont cause

normalement une dégradation de ce taux pour unymisit.

L’analyse du transport équitable exige une débnitijuantitative des co(ts et bénéfices. A cette
fin, les codts de transport sont associés a laigioovde service, tandis que les bénéfices sont
associés a la consommation. Dans la grande régidviathtréal, les services de transport routier
sont fournis par les gouvernements municipal, prcal et fédéral et sont consommés par les

ménages de cette région.

Les codts associés a I'offre de services de trahspgrésentent de différentes facons. Les codts
directs monétaires de la construction, de l'erdretet de I'exploitation sont assumés par le
gouvernement auquel appartient I'infrastructuregaastion. Les autres codts moins facilement
quantifiables, tels la pollution et le bruit, sassumés par les personnes qui vivent, travaillent o
évoluent pres de cette infrastructure. Tous cestscaint considérés comme étant proportionnels

au nombre de véhicules-kilomeétres associés a celle-

Il existe également des colts associés a l'ufitivatlu réseau routier qui sont assumés par le
conducteur lui-méme. Les colts monétaires découtnt'achat, de I'entretien et de
'exploitation d’'un veéhicule. Le principal colt nenonétaire est le temps consacré au
déplacement. Dans une perspective d’équité, cerceét pas intéressant en soi. Par contre, le
colt par kilometre parcouru varie de maniére ingrid en fonction du déplacement. Ce co(t
marginal de déplacement est calculé comme le ragionombre de véhicules-heures sur le
nombre de véhicules-kilometres. Cette quantitél'esterse de la vitesse moyenne et il est
représentatif du niveau de service recu par le wctedr et offert par I'exploitant de

I'infrastructure.

Les résultats du modéle de validation permettestithation des effets redistributifs associés a
l'usage des ponts de Montréal. Le calcul des cefitsles bénéfices est donc basé sur un
comportement observé et il est rendu possible’appioche totalement désagrégée, qui permet
'association d’'une infrastructure particuliere @sdusagers, ménages et territoires spécifiques.
Les unités d’analyse sont les 100 secteurs munigiggui composent la grande région de
Montréal. Ces secteurs peuvent étre agrégés enssrégions : I'lle de Montréal, la Rive sud,

Laval, la Couronne sud et la Couronne nord. Le nmende véhicules-kilometre consommeés et
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offerts est calculé pour chaque secteur et soussréyne comparaison de ces deux quantités
permet de déterminer dans quelle mesure une rggaen un colt qui soit proportionnel aux
bénéfices qu’elle recoit. Les résultats de I'analgsontrent que les secteurs de I'lle de Montréal
ont des ratios bénéfice-colt nettement inférieuts @alors que les secteurs des deux couronnes
ont des ratios supérieurs a 1. Les secteurs del kava Rive sud subissent quand a elles des

codts proportionnels aux bénéfices regus.

Le deuxiéme volet de l'analyse examine le temps kibométre parcouru offert par les
gouvernements municipaux et provincial. L’applioatidu modéle de validation révele que les
infrastructures du gouvernement provincial ont otanarginal de déplacement qui est moins
important que le colt marginal exigé par I'usagd’idéastructure municipale. Autrement dit,
les vitesses moyennes sur les infrastructures me@mles sont plus élevées que les vitesses
moyennes sur les infrastructures municipales. @ptowisionnement de service a prix réduit
encourage des déplacements de longue durée sunfdestructures localisées trés loin du
domicile. Donc, les infrastructures provincialesnttibbuent d’'une maniére importante aux
distorsions évidentes dans la distribution des ce@fitbénéfices parmi les municipalités de la

grande région.

L’exercice décrit dans la section précédente a daémdoque les infrastructures a caractere
national (les autoroutes et ponts provinciauxgestdonts fédéraux) contribuent a une distorsion
importante dans la redistribution des codts et tiégsdu transport routier. La concentration des
colts dans la ville centre et la concentration déséfices dans les régions périphériques
stimulent un comportement d’évasion fiscale, q@xptime par la croissance fulgurante des
populations banlieusardes et par la stagnation gmeente de la population de [lile.

L’approvisionnement des infrastructures routiéresrdes par les gouvernements centraux

contribuent donc a I’étalement urbain.

Une solution équitable, déja implantée dans letesyss de transport en commun de la grande
région de Montréal, serait d’exiger que chaque wipalité paie non seulement pour les
infrastructures dont elle est responsable, maisi gasgir la consommation de ses résidents sur les
infrastructures des autres municipalités et deseaugouvernements. Un tel mécanisme
impliquerait un péage urbain qui serait plus acgpt que l'internalisation des « codts de la

congestion » par I'implantation de frais d’utiligat sur les infrastructures majeures.
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L’acceptabilité politique de la solution repose kucrédibilité de la méthode de calcul et sur la
gualité de linformation sur laquelle elle est bas&ne derniere composante de la recherche
consiste en I'estimation des indicateurs de rdbigion a l'aide les résultats du modéle de
simulation. La différence entre ces résultats etxceu modeéle de validation sont mineures.
L’approche totalement désagrégée appliquée aursgsteutier aurait donc une certaine valeur

comme outil de prévision dans les études de trahspaitable.

Cette recherche a démontré la faisabilité de medardistribution des colts et bénéfices du
transport routier par la construction d’'un modeéeaifculation régional totalement désagrégeé.
Les déclarations des ponts contenues dans unetenmugine-destination ont été validées, puis
plusieurs modeéles de simulation qui conservenatgibuts des voyageurs ont été estimés. Tous
les modéles, y inclut ceux qui représentent lespim&nes de congestion, réussissent a prédire
environ 75% des choix de pont observés. Un modelevalidation qui simule le chemin
incorporant le pont déclaré a également été dépéloge qui a permis la comparaison avec les
itinéraires des modeéles de simulation. Cette coaipam désagrégée a facilité la compréhension
des différents facteurs qui influencent le choixpdet.

Des définitions quantitatives de colts et bénéfiiesransport routiers ont été élaborées. Celles-
ci ont été analysées I'aide du modele de validatibont démontré que les colts et bénéfices
associées a l'utilisation des ponts ne sont pasilligs équitablement entre les différentes
municipalités de la grande région de Montréal. haslieues accumulent les bénéfices tandis que
la ville centre porte le fardeau démesuré des coQette distorsion est attribuable a
'exploitation d’infrastructures lourdes par lesugernements nationaux (provincial et fédéral).
L’existence de celles-ci facilite un comportemei#vdsion fiscale qui contribue a I'étalement
urbain. Le redressement de cette situation dépirtiume méthodologie crédible et impartiale
permettant de calculer la répartition équitable deéts associés a l'utilisation des grandes
infrastructures par les diverses municipalitésm&athode développée dans cette recherche, étant

basée sur un comportement réel et observe, poétraiappliquée a cette fin.
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INTRODUCTION

The Jacques-Cartier Bridge is a magnificent consbn of stone and steel almost two
kilometres long stretching over the St. LawrenceeRand connecting downtown Montreal with
the adjacent city of Longueuil. From the perspexb¥a civil engineer, the bridge, with its arced
profile and elaborate truss structure suspendeck rtiian 30 metres above the water, is a life-
giving artery to a large city and a monument to honachievement. Such structures are what
motivate engineers to pursue careers in the fegdure in the knowledge that they will make a
tangible and lasting contribution to civilizatiosociety at large is also inspired by these
grandiose construction projects which represengness, modernity, prosperity and power.
Transportation projects are especially seductiveabge of the opportunities they provide to
apply state-of-the-art technology toward the liltieraof people through high-speed travel. Each
improvement in transport service is a metaphorcadge — a new shortcut which reduces the
cost of travel between multiple locations. Nevedhs, progress, however defined, always
comes with a cost and this cost is not necessanigller than the presumed benefits. Intense
debate inevitably arises whenever a large infrasire project is proposed because questions of
“costs” and “benefits” are essentially questionssefmantics. The words mean very different
things to different people. It is this fog of sutdjgity which creates a role for the transportation

engineer, who is called upon to construct an objedtamework.

The objective framework for the analysis of tramsgiion systems in large cities is known as
“urban transportation planning”. It provides a Isasor collaboration between politicians,
engineers, architects, professional planners, ahér@ Since it involves a wide array of
disciplines and a very large number of individuaitgipants, urban transportation planning has
developed its own culture which, like all culturés,in a constant state of flux. Its original
preoccupation was the optimization of the complestean formed by urban transport
infrastructure and the vehicles that use it. Neaopcupations include road pricing, sustainable
development, environmental justice and social gqiithese concepts are not easily incorporated
into a quantifiable objective function and theref@resent a challenge to an engineer. It is an
appropriate challenge, since, in the words of Manh¢he methodological challenge faced by
the transportation analyst is to conduct “a systenmanalysis in a particular situation which is

valid, practical, and relevant, and which assistslarifying the issues to be debated” (Manheim,



1979). This thesis represents an effort towardctagfication of the new planning paradigm for

the purposes of quantitative analysis of road netso

Integral to the new planning paradigm is an incedasmphasis on the role of non-automobile
forms of transport. A broad but diffuse consensuste among the political class and the
population at large that the automobile imposegaswonably large costs on society. These costs
take many forms and include: injuries and deathssea by collisions, paralyzing traffic
congestion in urban areas, noise, severe air pmilutlimate-altering greenhouse gases, and
increasingly violent conflicts over disputed petnuoin supplies. Finding innovative ways of
reducing car use has become a motivating forcenbefeisearch into new analysis methods as a
result. The persistence of this trend can be ateibto the ease with which the costs of car travel
can be quantified and their distribution describ&de police and insurance companies keep
detailed accident records, air quality is measutedctly, a price has already been put on
airborne carbon, and the costs of armed conflewall-documented. Calculating the benefits of
car use, on the other hand, is more complicategkgsnavel is motivated by a desire to participate
in non-travel activities. In addition, determinitige distribution of benefits is difficult because

there are few standard methods for precisely ifl@ng the beneficiaries of a particular facility.

Urban transportation planners specializing in ragagtems have at their disposal many
sophisticated tools for the scientific analysigrahsportation problems. Of particular interest to
the present research is the class of simulatiomsvinas traffic assignment models. Traffic
assignment methods have evolved considerably shede inception in the middle of the last
century and now incorporate all the detailed elasen road traffic. A thorough review of the
literature demonstrates, however, that these @ glesigned primarily to produce performance
indicators for network elements. They are not paldérly well-suited, however, to the
identification of systenusers One reason is that the tools widely used in pradbday were
developed at a time when detailed information awedrbehaviour was exceedingly difficult to
obtain. While this is still the case in most pladgeseems unlikely to remain so. The quantity of
information being collected through modern commatien technology was unimaginable until
very recently. From a technological perspectivehas become a trivial matter to track an
individual person or vehicle on a transportatioriwoek. This research aims to develop a

methodology for exploiting such information (in tlegent that it becomes available to urban



transportation planners) with the purpose of idgmiy the clientele of road infrastructure

facilities.

Once users have been identified, it is possiblgaio some insight into the distribution of the
benefits and costs of associated with a road n&\aorong various population groups. More
specifically, a dynamic, detailed and totally digeapate treatment of infrastructure use permits
an equity analysis of road transportation. Here, tdrm “equity” refers to fairness and can be
applied to a transportation system to the exteat those who benefit from it (or parts of it) are
not necessarily the people who pay its costs. Tiéyato distinguish between the two groups
seems essential in a discussion of topics suclauser charging or increased investment in

improved transit service.

The Jacques-Cartier Bridge is one of fifteen bridgdich provide road access to the island city
of Montreal. These high-capacity transport fa@itplay a central role in the daily operation and
the long-term development of the Greater Montreaéad They are also among the most
congested road segments in the region. This teegoys a large sample of revealed preference
information on the choice of major bridge in thee&er Montreal Area. The data are a
subsample of a detailed travel survey which inea roughly 5% of the region’s households.
In addition to their choice of bridge, respondeate also asked to provide personal and
household attributes, as well as supplementarynmdtion on the trip itself such as the origin,
the destination, the purpose and the time of deparfThese data are initially employed to
examine in detail the factors that cause driverghtoose a particular facility among several
possible options. The application of the totallysadjgregate analysis approach means that
multiple aspects of driver behaviour are analysetependently. Totally disaggregate network
simulation models are subsequently developed tionatt measures of consumption, supply,
costs and benefits induced by the existence ofnthgr bridges. The network used for the
simulation is extremely detailed, containing in es€ of 100,000 links and the adopted
simulation methods are performed using sophisticatedelling platforms recognized as being
at the cutting edge of transportation modellindhtedogy. Revealed preference data describing
usage patterns represents not only a unique oppiyrto study the costs and benefits conferred
by large road infrastructure, but also a promisemyironment for the development of new

regional traffic models that permit the just evdiomm of such questions.



This document is divided into 4 chapters. The faisapter is a review of current methods in
traffic assignment modelling. The second chaptescdiees an information-based totally
disaggregate approach to the traffic assignmenbl@mo. The third chapter discusses the
application of this approach to the question ofilgqin road transport. The last section is a

summary conclusion.



CHAPTER 1 REVIEW OF CURRENT PRACTICE

This research was conducted within a sub-branativiif engineering known as transportation
engineering. Transportation engineering can benéursubdivided in numerous ways, but one
important distinction should be made between theigteof infrastructureelementsand the
designof infrastructuresystemsThe former is concerned with geometry and vehialematics
and is applied to the conception of physical conemds of the road system such as rights-of-
way, intersections, signage, signals and lightiftlge design of infrastructure systems concerns
the interaction of vehicles with each other anchwite built environment. While the design of
vehicles and roadways is mostly deterministic, bledaviour of large numbers of travellers
acting independently from each other is often dlifi to predict. The branch of transportation
engineering concerned with analyzing this compleman system is often known by the more

general term “urban transportation planning”.

Urban transportation planning has existed as aep@ddent discipline for at least 50 years and
was developed with the aim of applying some sdientigour to the process of deploying urban
transport infrastructure. While the science hagyassed continuously over time, it rarely carries
much weight in the decision-making process. At &t opinion of the transportation planner is
just one of many elements to be considered. Inddediransportation planner is so dispensable
that many smaller jurisdictions do not bother engplg one. The reasons for this state of affairs
are not mysterious. In 2007, the TransportationeReth Board released a document entitled
“Metropolitan Travel Forecasting: Current Practiaed Future Direction” (Transportation
Research Board, 2007). Based on a comprehensiimweyi the state of the art in the United

States, the report presents several findings. fiicpéar:

“Shortcomings of conventional forecasts are alslated to poor technical practice in the use of

models.”

The report provides several examples of “poor teempractice” including inadequate data and
a lack of quality control. Moreover, there are cibess examples of forecasts being manipulated
to serve particular interests despite the objestafrtrained professionals — a sure indication of a
fallible methodology. Yet the foundations of urb@ansportation planning are not unsound. At
its heart is the notion of modelling — constructagirtual representation of the system for the

purposes of predicting how the system will resptm&pecific interventions. Every science is



based upon a set of models which have been empird@monstrated to be valid in a specific

context. A proper validation process is difficult achieve, however, when the system being
modelled is composed of human beings interactirig @ach other. Therefore, before discussing
in detail the methods developed in urban tranggartning, the review of current practice begins

with a discussion of models of man, the collectbdata, and construction of knowledge.

1.1 “Models of man”

A model can be thought of an isomorphism — a forsyatem whose theorems have meaning in
the real world even though the system itself igiedl and independent of reality. The extent to
which humans rely on isomorphism in their cognifprecesses cannot be overemphasized. Each
person’s understanding of reality is not limitedtieir perception at a given moment in time.
Experiences are recorded (remembered) and the ativeukffect of these experiences leads us
to construct models to help us foresee the consegseof a particular action. Although this
hardwired thought process leads us to frequentlyenmaistakes (incorrect predictions), without
it, life would be extremely difficult since eachustion would be entirely new and unique. The

act of learning would be impossible.

One of the shortcomings of transportation planraag science is that functional isomorphisms
are rare. Mathematical models abound. But theatigaiship to reality remains uncertain. Most
urban transportation planning models are derivedhfthe conventional wisdom of economic
theory which holds that human beings have advacoggitive abilities which allow them to

optimize their own particular situation using agess of complex reasoning. An alternative view
was advocated by Herbert Simon who instead propthegdhe complexity lies not in the human
decision-making process, but rather in the enviremmn which these decisions are made
(Simon, 1996). Simon also suggested that humansr ewe complete information and are not
generally able to perform sophisticated calculaiona short time period. Rather than choosing
the optimal course of action, we choose one thdiged enough”, given the information

available at the time. This theory is encapsulatedhe principle of “bounded rationality”

(Simon, 1957). For purposes of transportation plamrit is therefore incumbent upon the travel
behaviour analyst to obtain, to the greatest ptesskitent, a complete picture of the context
which informs traveller choices. The planner shoaldo take care to avoid attributing an

unrealistic burden of computation and profound @easy to his human subjects.



The primary motivation behind the present studytaisidentify the clientele of major road

infrastructure. A key step toward realizing thisags the construction of a reliable model of the
route choice process of drivers. If Simon is table&eved, the decision process itself should be
fairly simple. A driver will use a path that he ds satisfactory and he will choose this path from
within the limited set of alternatives of which Ie aware. The challenge, therefore, is to
construct a network model which accurately repriesséhe road characteristics which are

relevant to the choice of route.

1.2 The collection of information and the constructionof knowledge

The early twenty-first century is justly referradas the “information age”. Advanced systems of
perception and digital data storage have led tatmstruction of formidable repositories of pure
information. This development represents a grepbadpnity for the advancement of knowledge
in many domains, but it seems especially importantwhat Simon called the *“artificial”
sciences — those that deal with human systems.

Although this opportunity has been readily acknalgked, it has been embraced only cautiously
by many disciplines, including transportation pleagn One reason is that the availability of
information, in addition to presenting a great apaity, also poses significant challenges. Most
notably, the treatment of millions or billions digervations requires a set of skills held by only a
fairly small number of specialists. The vast majodf civil engineers, for example, receive no
training in how to process large quantities of dattomatically and efficiently. A second reason
is that digital information is by definition dis¢ee This means that analysts are required to look
beyond traditional algebra which deals only witmtiouous quantities. Decreasing our reliance
upon such a compact, efficient and elegant systetimooight with something more complicated

will not be an easy task.

Another challenge is related to the fact that ratadepresent a chaotic analytical environment.
While a machine and its associated operating sysesvery good at measurement and
calculation, they necessarily have a limited powkiinference. As a result, there are many
discrepancies between what is gathered as infoomaitnd what that information is supposed to
represent. A good example in transportation plagpngsmart card data. The card reading
machines ostensibly measure the number of passereggering the system at particular



locations, when in fact they measure only the nundfecards with which they came into
contact. The difference is subtle but importantfoimation alone is by no means equivalent to

knowledge.

The construction of knowledge implies the treatmehtaw data using a method that gives
meaning to the collected information. This complisk is essential for the subsequent
development of usable and useful models. Genesglbaking, there exists a large array of
different approaches but two concepts in particalaremphasized here. The first is the object-
oriented framework in which data are classifiedasg attributes of well-defined entities. If the
relationships between entities can be properly esgmted then a significant part of the
knowledge construction process is already accommgdis The second concept is visualisation,
which is often a far more effective means of comivating ideas than raw text or numbers. The
process of designing appropriate visualisationst@dso contributes greatly to the meaningful
structuring of information. An example of the sitameous application of these two concepts is
found widely available Geographic Information Sys$e(GIS) which have come to play a
central role in transportation planning and analyBasic applications are described in a paper
by Miller (H. J. Miller, 1999) but recent example$ GIS usage in transportation abound
((Buliung & Kanaroglou, 2006; Stopher, 2004b; Tnépa Chapleau, & Allard, 2002), for

example).

In effect, the construction of knowledge is the stomction of a conceptual model. A validated
model is used to explain the relationships betwag&merous measurable quantities. Moreover,
the values of some of these quantities can be leddclibased on the measurement of others if
the model is sufficiently isomorphic with realityfiraffic assignment models, for example,
describe the relationship between measurable digsnsuch as road capacity, the volume of
traffic on links, the average speed of traffic ahd demand for auto travel between origin-
destination pairs. It is an economic model whickksesquilibrium between supply and demand.
Once the parameters of a traffic assignment moalet lbeen estimated, the supply and demand
are used as known inputs and the equilibrium candis the desired output. All three must be
simultaneously observed to determine the modelnpaters. The next three sections describe,
respectively, demand data, supply data and daddirmglto the point of equilibrium which we

call transaction data.



1.2.1 Data describing road transport supply

A regional model of urban road traffic is basedaorepresentation of road infrastructure. Two
classes of data are required: connectivity data lanel-of-service data. Connectivity data is
necessary for determining which paths are possiiildn the network. Level-of-service data is

used to construct path attributes for the purpo$esmparison.

Complete network connectivity data have been cmtbdy numerous public and private
organizations which have produced very detailediapareferenced databases describing the
geographic positioning of road networks elementsest digitized networks, which are well-
suited to analysis using standard GIS, are now lwideailable for relatively little cost,

especially when compared to the costs of colledingh information manually.

Level-of-service information relates to the speed aapacity of a network component. While
information on the connectivity of streets can lwmnmpiled using, for example, aerial photo
technology, road segment speeds and capacitiendl@pemicroscopic attributes of the road in
guestion, particularly signage and signalling systeAn additional complication arises from the
fact that the level-of-service offered by a roadilfty also depends on the volume of traffic using
it (see section 1.3.1.3) and this simultaneousmedion of network performance and travel

demand lies at the heart of the traffic assignmpeoiblem.

While early traffic assignment models required oalgimplistic and approximate description of
the regional network, current methods require tedanformation about microscopic elements
of the road system such as traffic lights, stomsidurn restrictions, turning bays, merges and
diverges. The collection of all this informationrfan entire metropolitan area represents a
significant challenge, but the task has been reataimost manageable by contemporary data
collection, storage and communication technologyptinciple, the authorities responsible for
the operation of these systems possess inventudribeir own transportation hardware but these

repositories are frequently not in digital formatlaso manual codification is still necessary.

Advancements in information technology continueffer ever more powerful means for coding
networks at the microscopic level. A well-known exde of this type of tool is the Streetview
application developed by Google. Made available fof charge to anyone with an internet
connection, Streetview provides panoramic photdggay thousands of kilometres of urban and

rural streetscapes around the globe. Although tstred automated queries cannot be made on
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this database, it nevertheless represents a qpdsitery of information describing the location of
traffic signals, signage, parking regulations, l@eafiguration, intersection geometry and road

surface conditions.

1.2.2 Data describing road-transport demand

Historically, demand for transport service has beesmluated using direct observation of vehicle
or passenger volumes at particular locations. Nraffic assignment models are calibrated using
vehicle count data. While they are frequently timy aavailable source of demand data, they
contain no behavioural information and their religbis often questionable. The quantity of
vehicles that passes a given location during angitwame interval reveals nothing about the
origins and destinations of the vehicles or theisgengers. Moreover, the counts themselves,
when not undertaken by humans, are performed byimes which must be properly calibrated,
maintained and monitored by humans. In additior kigh cost associated with installing
equipment or sending people on to the street feeraé hours means that counts at a particular
location are performed on one day only. As a resuly statistics computed using the resulting
information cannot be considered statistically gigant. Many jurisdictions have installed
permanent devices which measure vehicle volumespeeds, particularly on freeways, but this

practice is not common the Greater Montreal Area.

In order to acquire a more precise picture of traeenand, it is necessary to collect information
on individual travellers and their travel habitslolhg-standing method for investigating people’s
travel behaviour is to simply ask them using a eynAn important body of research exists
which documents the evolution of travel survey rodth(Stopher & Stecher, 2006). There are
many issues surrounding the design of a travel esurincluding sample size, sample
representativeness, the design of interview questi@and the interview technology. Travel
surveys can be classified in numerous ways. Impbdastinctions exist between panel, cross-
sectional and time-series data. Another importastingdtion is stated preference vs. revealed

preference.

A stated preference survey presents respondentsanitypothetical question such as: if there
were a Maglev train which could take you from Newrk to Boston in under an hour, would

you use it? The answer, of course, is also hypictileto a great deal of care needs to be taken in
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the design of the question and the interpretaticheresults (Hess, Rose, & Polak, 2008). There

is some debate over the utility of stated prefezeswrveys for behavioural studies.

A revealed preference survey asks people whatrmathiey have already taken. An example
would be: What mode of transport did you use td@work yesterday?” Although the veracity
of the response cannot be guaranteed, it will adtlbe based on a presumed statement of fact.
Geographic Positioning Systems (GPS) technologyiges another form of revealed preference
information and is sometimes used to augment traueleys (Bohte & Kees, 2008; Stopher,
FitzGerald, & Xu, 2007).

1.2.3 Transaction data

In classical economic theory, the demand and sufopigtions for a particular good intersect at
the transaction price. It is the point where thastomers’ willingness to pay coincides with the
cost of production. Under stable conditions, tlesiprepresents equilibrium between supply and
demand. If the transaction price and the quanfityamsactions can be directly observed then the
point of equilibrium can be defined.

In travel behaviour models, the concept of equililoris more closely linked with a quantity of
time than with a quantity of money. Therefore, tha-of-pocket monetary cost of a particular
trip is less interesting than the amount of time tip consumed or, in other words, the amount
of time spent on the network for a particular pyrpose. Obtaining simultaneous measurements
of volumes and travel times is not simple, but savapproximate methods do exist. A few of

them are described below.

1.2.3.1 Smart cards

The measurement of a public transit system is gdlgezasier than the measurement of a road
system since access to the transit system is muek oontrolled. Fare collection procedures
have often provided a side-benefit of measuringgeigzatterns in public transit systems. Smart
cards offer an especially rich opportunity in tmegard. The data itself are very simple —
consisting of a time, a card number and an equipnagemtifier. When a single transaction is

combined with other transactions and other soustésita such as GPS tracks of transit vehicles
and descriptions of the planned service, it is iptsso observe not only the monetary price paid

for a trip, but also to impute for a given cardieldhe number of kilometres travelled, the



12

amount of time spent travelling, line load profiesd many other quantities as well (Chapleau &
Chu, 2007; Chu & Chapleau, 2008).

1.2.3.2 Public transit vehicle probes

Unlike public transit systems, public road netwogke usually not designed to collect revenue
directly and so information on the road clientedefrequently non-existent. Fortunately, most
surface vehicles operated by public transit agendbare the right-of-way with private

automobiles and, as a result, they can act as ptoladirectly measure the performance of road
systems. In the Montreal context, the planned seref a bus line has been used to visualize
variations in travel time over the course of a daya single urban arterial road (Chapleau &
Piché, 2009). To be sure, a public bus interacts vaiad traffic quite differently from a private

car, but attempts have been made to control fonginena specific to transit operations. Tétrault
and el-Geneidy (2009), for example, estimated aahofdbus run times as a function of weather

conditions, time of day, vehicle type and the nundidoardings and alightings.

1.2.3.3 GPS and crowdsourcing

In many jurisdictions, including Montreal, there asgrowing interest in finding mechanisms
which would facilitate the marginal cost pricingrofads. Geographic Positioning Systems show
great potential since, in theory, they would perandentral authority to know where, when and
over what distance a vehicle used a precise fa¢gee for example (Gilliéron & Waegli, 2005;
Nazer & Pickford, 2007)). The implementation of Is@csystem would have the added benefit of

generating a very detailed database on the rogts hy drivers.

Wireless communication devices in vehicles offee thotential to reconstruct road traffic
conditions in real time (Barth, 2009) and to sinkellaverage conditions using historical data
(Figure 1.1). Comparable methods are used by catipos which provide real-time traffic
information to GPS receivers installed in privaghicles (Downs, Chapman, Cahn, & Hersch,
2006). The process of structuring this data to jvcoherent information is known as
“crowdsourcing”. It provides an approximate imag® &eries of images) which reveal the
evolution of travel times on a large number of retwlinks over time. The resolution of the
technology is such that information can be provideer intervals of just a few minutes.
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Figure 1.1: Google traffic (maps.google.ca)

1.3 Transportation planning

From an idealized engineering perspective, trartapon planning is an exercise in
optimization. A particular objective is sought sedij to some known constraints. Strategic
planning of this sort is common within private tsaortation firms who have every incentive to
minimize costs and maximize revenue. The managemenehicles and personnel through
space and over time is essential. This paradigassapplied to the operation of publicly-owned
transit systems because, even though the profivent usually absent, the centralized control
structure allows for the optimal allocation of lted resources. Mass transit is usually considered
a public service however, and as such it is oftanmed to achieve objectives which are more
political than economic. The same can also be @lapliblic road systems, albeit with the added
complication of non-centralized control. Most oftethhe organization responsible for the
operation of a road network has no power to roetaales or to schedule trips. Despite continual
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advances in the domain of intelligent transportatystems (ITS), a true optimization of the

system is impossible.

The planning of public roads, therefore, is lessuttworking toward a clearly defined goal (the
optimization of an objective function) than it idaut evaluating proposed development
strategies. An effective tool for accomplishing sthtask is the cost-benefit analysis.
Unfortunately, many of the impacts of transportawojects — such as air pollution or decreased
travel times — are difficult to measure in monetégyms. Moreover, a political environment
which evaluates policy based on intent rather #féectiveness serves to reduce the importance
of objective measures of performance in favour giisolic gestures responding to a
“categorical imperative” — for example, the redantbf greenhouse gas emissions. The effect of
the shift in focus from comparisons of costs andelfies toward the achievement of categorical
imperatives has led to the deterioration of theiclalgdecision framework which informs
transportation planning. Road network planning antipular has become problematic, since the
primary goal of many contemporary transport stigegs toreducethe usage of the private
automobile (Orfeuil, 2008).

The lack of objective clarity has not prevented dieselopment of a scientific culture of urban
transportation planning, as embodied by the clagsic-stage model (Martin & McGuckin,

1998). Numerous concepts have been defined andioredhips between them have been
established. An arsenal of algebraic models of lyigiarying complexity have been developed
and applied. In fact, the increasing sophisticatainthese algebraic approaches to traffic
modelling has been the focus of researchers anditpyaers, often at the expense of the
empirical approach. Nevertheless, a set of scierfifrst principles” describing the observed

behaviour of independent vehicles on a roadway doxést. This empirical basis informs the
codification of the engineering standards whichutaetg road design. The components of the
four-stage model which deal with automobile trafincorporate these principles to varying
degrees. The next section of this chapter briefscubses the basic models of traffic. The

following section discusses the four stage paradigohits representation of urban road traffic.
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1.3.1 Models of traffic

The movement of multiple vehicles on a road netwgixles rise to the phenomenon known as
traffic. While traffic appears chaotic at the lew#lan entire network, at the level of individual

vehicles the basic kinematic principles are weltwlnented. An authoritative reference on
traffic models is the book by May (May, 1990). Vebs are typically modelled as particles

moving through space at variable velocity and aredion. The velocity of a given vehicle is

dictated by the vehicles in front, the control syst and the surrounding environment. Beginning
from a theory of the motion of an individual veleicit is possible to develop models of traffic

flow which are somewhat analogous to models ofiflmechanics. The short discussion of such
models in the next section is based on course niotes Prof. Karsten Baass of Ecole

Polytechnique de Montréal (2003).

1.3.1.1 Fundamental Variables

An automobile is characterized by its length, ifdthy its acceleration (the speed with which it
can change its velocity), and the perception-reactime of its driver. When the analysis is

constrained to a single lane, a basic behaviowssaliraption is that drivers keep a minimal

distance between their own vehicle and the vehmmediately in front. The model can be

derived from a formula for the spacin§) (between two vehicles as a quadratic function of
vehicle speed:

V2 V2
ft9 fityg

S=L+t,V+ (1.1)

whereL is the length of the leading vehiclg, is the perception-reaction time of the drivéns
the speed of both vehicldsg,is the braking rate of the following vehicfe,s the braking rate of
the leading vehicle and is the longitudinal grade of the roadway. The spgadetween two
vehicles is determined based on the second drivass assumptions aboidt and f,. An
aggressive driver acts on the belief that the Igakiate of the vehicle in fronf,] will be
manageably small, thus providing him with suffidgi¢ime to brake before colliding with the
leading vehicle.

The inverse of vehicle spacing is defined as tadgénsity K) which is calculated as an average

over a specified length of roal.(
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1

N p—
T°53 (1.2)

K =
where N is the number of vehicles on the road segmenhatnioment of observation. The
average speed of the traffic streamdepends on the timg,required by each vehicle to travel
over the segment of length This average, called the space-mean speeduisadent to the

harmonic mean of individual vehicle speedk (

Nl N

V: N =
vt 1
Li=1 ti Sy (1.3)

The average traffic flow rat€), is computed as the productkofandV.

Q =KV (1.4)

This equation relating speed, flow and density forime basis of the uninterrupted model of
traffic flow. It represents the behaviour of vekglin motion and breaks down when vehicle
speed becomes zero. It is easily shown ¢hat a convex function of and the maximum value
of Q is defined as the capacit@4ay of the road segment. Very briefly, equations ),1(1.2)
and (1.4) can be combined to obtain

4

Q=a+bV+cV2

(1.5)

wherea, b andc are the factored constant terms in the expregsiospacing (equation 1.1). The

first and second derivatives Qfwith respect td/ are:

a
aQ  ypyz— ¢
av ~ ra 2 (1.6)
(V + b+ CV)
2a a 2
' (72-¢)
de - 3 (17)

(%+b+cv)2 (%+b+cv)
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Since the second derivative of flow with respectspeed is strictly positive, the space-mean
speed corresponding to the maximum flow rate is\doby setting the first derivative equal to

zero.V' denotes the space mean speed correspondingnwattimum flow rate.

0

V= \E (1.8)

Finally, this optimal velocity is used to find thapacity of the road segment:

dq
av

1
Qmax = m (1.9)

Numerous functional forms for the speed-densityati@hship have been proposed but all
represenQ as a convex function d&f. In classical traffic theory, the function has tehstinct
regions each of which represents a different gatfigime. The part of the function over which
the flow rate increases with traffic speed is tf@ced flow” or “congested” regime. The range
of speeds over which the flow rate decreases witheasing speed is the “free-flow” regime
(Figure 1.2).
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Fundamental diagram of traffic flow
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Figure 1.2: Fundamental diagram of traffic flowamuninterrupted flow facility

The model provides a coherent description of &wdtbw on an uninterrupted facility such as a
freeway by incorporating vehicle speed, accelemaaod braking, all of which are dynamic
characteristics. The model does not, however, adctmr the dynamic variations of network
characteristics. Traffic signal phases, accidemtgdh@ road, adverse weather and other events
distributed over time cause abrupt changes in Hpadty of specific network links. These
changes interrupt the traffic stream and causdltig:flow model of traffic to break down. An

alternative analysis is approach is necessary.

1.3.1.2 The Queuing Model

Queuing models of roads employ variations on trs-in-first-out (FIFO) queuing model. In a
gueuing model, the capacity of a facility is an gxoous parameter defined as the sustained
maximum rate at which a facility can process vesclThe demand for the facility is also
represented as a rate. If the demand exceedsheitsa then a queue will form. The queue will
continue to lengthen until demand falls below cayadhe demand and arrival rates can vary
with time. The queue length and associated waitimges will vary with time as well. The

associated algebra allows for the estimation ofartgnt performance indicators such as average
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gueue length, average time spent in the queuetadalddelay incurred at the facility. Different
algebraic formulations exist to handle determinisind probabilistic assumptions about vehicle

arrivals and facility capacity.

The queuing model is easily constructed using aliggediagram (Figure 1.3). The diagram is a
two-dimensional graphic with time on the horizordals and the cumulative number of vehicles
on the vertical axis. Two functions are plotted ive graph: the arrival function and the

departure function. Both functions by definitiore aron-decreasing. The length of the queue in
terms of number of vehicles at timeN(t), is found through the expression

N(t) = max{0,A(t) — D(t)} (1.10)

whereA(t) andD(t) are the cumulative number of arrivals and depesturespectively, at time
The arrival rate is specified according to the terapdistribution of incoming traffic. There are
numerous functional forms that are used in pracfldee departure function depends upon the

existence or non-existence of a queue at time

p(©) = [ dwdu (L12)
0
Where
[ SIfN(ET) >0
d®) = {a(t‘) otherwise

ands is the maximum service rate of the faciligft ™) is the arrival rate just prior toandd(t) is
the departure rate &t The amount of time spent in the queue by a vehwdlich arrives at the
facility at timet (T(t)) is found using

N(t)

T(t) = —~ (1.12)

The total delayX(t), caused by the queue up to titrean also be calculated:

t

X() = f a(u) — d(u)du (1.13)
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Figure 1.3: Simple queuing diagram

Queuing is analysed as a stochastic process wiieer ¢he arrival rate or the service rate (or
both) are random variables. A set of steady-stgqtmatons exist to describe stochastic queuing
phenomena but they are of little utility for the adeding of individual vehicles. A related area of
study deals with the strategies drivers employhoose between queues. This type of analysis
deals fundamentally with the effect of information equilibrium. Situations often arise where
multiple queues exist in parallel and drivers héwe opportunity to choose the queue that will
minimize the amount of time they spend waiting. dnenon example is the toll plaza. In such
cases, queue jockeying (switching from one quewmntiher) can occur. Assuming drivers wish
to minimize the amount of time they spend waitindine, the length of each queue is the key
piece of information that will determine queuindhbeiour. In the case of an observable queue,
its length can be known before the decision of Whetr not to join must be made. In an
unobservable queue, the length cannot be knowh after the choice of queue has been made
(Hassin & Haviv, 2003). Attributes of the queueclsuas its expected length and expected
duration, therefore depend upon whether or nogtleie is observable.
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1.3.1.3 Models of infrastructure

Both the car-following and queuing models are auplin the design and evaluation of road
infrastructure. For example, the Highway CapacitganMal (HCM; Transportation Research
Board, 2000) uses the car-following model for thmalgsis of uninterrupted flow facilities

(freeways and highways) and the queuing model fagrade intersections. On freeways and
highways, the delay model (Figure 1.4) is basetheruncongested portion of the volume-delay

relationship developed using the fundamental spiesddensity relationships and validated
with observations on the ground.

EXHIBIT 23-3. SPEED-FLOW CURVES AND LOS FOR BASIC FREEWAY SEGMENTS
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Figure 1.4: Speed-flow relationships for basic frag segments (Transportation Research
Board, 2000).

An important aspect of the HCM methodology is tlkad classification system. The HCM
recognizes that different facilities may serve eiéint purposes. A distinction is made, for
example, between roads which provide maximal miybilersus roads which are designed to
provide access (HCM Ch. 10). Intuitively, the obijees of accessibility and mobility are
incompatible since the former favours high speaser while the latter injects and withdraws
vehicles from the traffic stream. The turning moests and parking manoeuvres which are

features of access roads tend to disrupt thedriidiiv and lead to a reduction in traffic speeds.
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The Highway Capacity Manual measures road perfoceamsing a metric called level-of-
service. The measurement system consists of thietsexs from A to F. On freeways and other
uninterrupted flow facilities, each letter represea range of per-lane traffic densities. Densty i
an appropriate indicator since it dictates traljgeed, vehicle manoeuvrability and overall
comfort of driving. Level-of-service on interruptédw facilities depends on the delay imposed
by the signalling regime. The HCM outlines detaifgdcedures for estimating delay caused by
two-way, three-way and four-way stops, as well @ssignalized intersections. These methods
are based on a combination of queuing theory angirexal measurement. The localisation of
traffic signals and design criteria are describethe Federal Highway Administration’s Manual
on Uniform Traffic Control Devices (MUTCD; U.S. Dapgment of Transportation Federal
Highway Administration, 2007). In particular, theanual sets out guidelines for the
implementation of traffic signals based on obsee/gnantities such as traffic volumes on each
approach, pedestrian volumes and total delay. dé is to maximize the efficiency of the urban
street network while ensuring safety. The primautgriest of this research is the aggregate effect
of the control system on driver behaviour. Somehefbasic principles of traffic signal control

are examined in consequence.

According to the HCM, “a traffic signal essentiaijlocates time among conflicting traffic
movements that seek to use the same space” (Traaspo Research Board, 2000, p. 10-9).
This task is accomplished through a repeating semuef indications known as a cycle which
has a specified period or length, Each movement (through, right, left, etc.) atirersection
corresponds to a phase, defined as a sequenceeenintiervals during which different indications
are displayed. These indications use the univgrsaldlerstood colours red, yellow (amber) and
green. A single phase can apply to multiple movdsjeand a single movement can be governed
by more than one phase. Movements are made froeng@ups which are defined according to
the intersection geometry. Following the HCM corti@m a lane group is represented by the
letteri. In the majority of cases, no lane group has argreterval G;) which lasts for the entire
cycle. The capacityg, of a lane group is therefore a function of itsresponding green interval
as a proportion of the total cycle lengt, The lane group capacity also depends on the total
“lost time” (t.) during each cycle. An illustration of the concepshown in Figure 1.5. The lost
time is the time required for vehicles to transitiopom a standing queue to the maximum flow

rate known as the saturation flow ra®. (The perception-reaction time of drivers and the
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acceleration rate of vehicles determine the losetiTypical default values for lost time are 3-4
seconds per phase. The saturation flow rate isrtheimum rate at which vehicles can pass
through the intersection. A commonly assumed vadwaound 1800 passenger cars per hour per
lane (pcphpl) although it can vary greatly accogdia traffic stream composition, intersection
geometry and localized phenomena such as on-glaeleihg and bus stops. Since some time is
required for traffic to stop at the end of the ghatke lost time is often incorporated into the
yellow interval {Y;). The total lost time per cyclg, is the sum of the lost time for each critical
phase (discussed below). Generally speaking, @rlargmber of independent movement starts

(phases) produces a greater amount of lost timeymée.

To summarize, the capacity of lane group computed as:

G = (1.14)

where

9i=G tY —t (1.15)
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E-HET 10-8. FLNDAVENTAL ATTREBUTES CF FLON AT SIGNALLZED INTERSECTIONS
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Figure 1.5: Detailed illustration of the phenomenmnlost time at a signalized intersection

(Transportation Research Board, 2000).

The level-of-service of a signalized intersectionao approach to a signalized intersection is
based on an evaluation of delay. The HCM desctiibied delay as “the difference between the
travel time actually experienced and the refereinaeel time that would result during base

conditions: in the absence of traffic control, getnec delay, any incidents, and any other
vehicles” (p. 10-16). In principle, the delay at @msaturated intersection for a single approach

can be expressed simply as:

ar?s

P=—w

(1.16)
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wherea is the rate of arrivals,is the duration of the red interval as the saturation flow rate.

In practice, signal synchronization and the lastetimake the computation more complicated. In
cases where incoming traffic is governed by anrepst traffic signal, vehicles tend to arrive in
platoons. If the two traffic signals are propenymehronized, most of the platoon will clear the
downstream intersection during the green interVialthe signals are not synchronized, a
considerable portion of the platoon will reach tlesvnstream intersection during the red interval
and a queue will form as a result. This queue oacefvehicles which arrive subsequently to
slow down or stop. Meanwhile, a longer cycle length result in a longer queue. If the cycle
length is too short, however, the lost time wilhsame a greater percentage of the cycle and

reduce the amount of effective green.

In principle, signalized intersections in urbanasreare designed with a certain amount of
synchronization although the network-wide optimizat of traffic signals is a complex
undertaking. In a steady-state analysis which da#sconsider synchronization, the expected
delay is based on the saturation ratipwhich is defined as the arrival flow raealivided by the
saturation flow rats.

a;
Wi = S_l (1.17)

This quantity is incorporated in Webster’'s formfdathe cycle length (Webster & Cobbe, 1966)
which minimizes the expected delay, given the opppsffects produced by queuing and lost

time:

1.5L +5

Copt = T—w (1.18)

where W is the sum of critical saturation ratios for tha&ersection. Generally, a critical

saturation ratio is the highest saturation rati@agimovements which share a phase.

While these methods inform design procedures, rmpaeise calculations are performed through
dynamic simulation of individual vehicles (micrositation). A microsimulator nonetheless
requires aggregate as input estimates of demandebet origin-destination pairs. These
estimates are often based on larger-scale simotatierived from the four-stage approach to

regional transportation modelling.
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1.3.2 The Four Stage Paradigm

While the Highway Capacity Manual is used to maihel performance characteristics of road
facilities, a separate methodology is requiredefstimating the demand for a particular facility.

Demand for transport at a particular location ie tesult of a series of choices made by
individual travellers. The goal of the four stagedul is to predict these choices, especially in an

urban environment.

In its purest form, the four stage model convearsdl use and population data into vehicle or
person flows on network links using the followinggsience of procedures: trip generation, trip
distribution, mode split and traffic assignmentg{iie 1.6). At its most elaborate, the four-stage
model provides an integrated forecast of transportacosts and urban development. For
example, the QRSII software (Horowitz, 2004) inargies every aspect of the paradigm from
land use forecasts to dynamic traffic assignmehe flesults of the assignment process can be

used as feedback in the trip distribution step.

The initialization of the four-stage model is theision of the urban area into a set of analysis
zones. All the calculations which follow use thesmes as their primary unit. Over time, the
modelling environments have evolved to incorpordiamic variables, discrete choice
methods, cellular automata and neural networks. cthination of this evolution is activity-
based models that incorporate land use (Habib, ;28@hmassani, 2006; E. Miller, Roorda, &
Carrasco, 2005; Vovsha & Bradley, 2006). Despite cbmplexity of these emergent methods,
they remain by and large fixed in the aggregatméwaork of the four-stage paradigm: in most
cases their population of independent decision-ntakigents must be synthesized using data
aggregated to the level of zones and the traffimifations in particular retain numerous artificial

constructs such as centroids, o-d matrices andnaldelay functions.

It is easy to criticize the four-stage model amdieied, many authors have done so. Nonetheless,
it remains widely used in practice because the wagority of the commercially distributed tools
(particularly simulation software packages) usasita basis. Two specific shortcomings of the
four-stage model are addressed here: the aggragatimformation into an arbitrary system of

zones and the lack of unique solutions.

The act of aggregating is very far from a trivixieecise. To begin with, it gives rise to the

modifiable areal unit problem (MAUP) which meansttlthe result of the analysis is entirely
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dependent upon the zone system definition. Moredher aggregation procedure can destroy a
great deal of pertinent information. It does thmstwo ways: first, it replaces a distribution of
values by a single mean and second, it permaneafiarates a transportation object from its
attributes. An example of the latter phenomenothés conversion of individual trips into an
origin-destination matrix based on a system of goriEhe trip, which is performed for a
particular purpose at a particular time by a pergba certain age and gender, is reduced to a
single numeric value representing the weight of ttye in the simulation. The theoretical
objections to the use of an aggregate platformaecempanied by practical ones. For instance, it
is virtually impossible to transfer information eten independent platforms unless they have

identical aggregation formulas.

The issue of solution uniqueness arises from maetladdoptimization. Many of the objective

functions constructed in the urban transportatidanqng process cannot be resolved
analytically. The search for minima and maxima atmalways requires simulation using
numerical methods. In such situations it is pertin® ask whether the optimum (if it can be
found) is a global optimum or a saddle point. Italso important to ascertain whether the
solution generated by the algorithm is uniqueh# bbjective function is almost flat, as is often

the case near the optimal point, the optimal sotuivill have many near-equivalents.

The next four sections detail each of the stepghim four-stage model. The generation,
distribution and mode split steps are describechanmily in terms of the useful mathematical
concepts upon which they are based. The traffigasgent step is discussed in greater detalil

since it is the focus of the present research.
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THE FOUR STAGE TRANSPORTATION MODELLING PARADIGM
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Figure 1.6: Diagram of the four-stage model orgpattation planning

1.3.2.1 Trip generation

The trip generation step was devised to generaitmaes of travel demand in situations where
direct observation is impossible. The model takesnput information describing the spatial
distribution of different economic activities antbguces as output a number of trip ends (origins
and destinations or attractions and productions)zpee. These data are often derived from a
population census or a land use map. Trip generatiodels are typically based on linear
regression methods where a dependent variable sismesl to be correlated with multiple
observable quantities as well as unobservable ofbs. underlying assumption is that
unobserved factors also play a role but that thggregate effect is unimportant. They are simply

background “noise”. Stated more formally, an ordyrlaast-squares linear regression model will



29

make predictions which differ from observations.heTmean value of the square of these

differences, however, will be zero.

In the case where the variation of an observablntily y is linearly dependent upon the
variation of other observable quantitigs throughxc as well as the behaviour of normally

distributed unobservable effeetsit is possible to construct a model of the foliogvform:

Vi = xobo + x1b1 + -+ Xkbk + ¢ (119)

Or, in matrix form

Y=XB+¢ (1.20)

Predictions ofY can be obtained through the expression

(1.21)

=)

I

>
)

where

B=XX)"XY (1.22)

andX andY are observed directly.

The authoritative reference on this topic is thé& ITrip Generation Handbook (Institute of
Transportation Engineers, 2004) which providesnestied parameters for linear regression
models of trip generation. Separate parameterprasgded for different land uses. The result of
the trip generation step consists of two vectore oontaining the number of trips produced
(origins) in each zone and the other containingrthmber of trips attracted (destinations) to

each zone.

The estimation of linear regression models is comm@ctice in transportation planning. Care
must be taken, however, to ensure that the estimps#ameters are sensible and, just as
importantly, that the observations used for thémestion are coherent. An assessment of the

model parameters too often takes precedence ovénowugh exploration of the data.
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Assumptions which are fundamental to the approachnyerified as a result. These assumptions
include a linear relationship betwerrandy, non-correlated independent variables, a normally

distributed error term, and an error term distitrutvith constant variance.

1.3.2.2 Trip distribution

Once the number of trip attractions and productisnisnown for each zone, it is necessary to
convert these trip ends into trips. Mathematicaltyjs the conversion of the two vectors
produced by the trip generation step, each of deoam (the number of zones), into arby n
matrix of trips. In the absence of more detailefbimation, a model of spatial interaction is
constructed. The underlying hypothesis of the masi¢hat the amount of travel between two
locations is inversely proportional to the distabeéween them and directly proportional to their
combined trip-generating capacity. For obvious oeasthese types of models are referred to as

gravity models.

The estimation of the model parameters is typicaérformed by optimizing a non-linear

objective function subject to a set of constraifiise objective function can represent the total
cost of transportation, which must be minimizedthar total entropy, which must be maximized.
A discussion and derivation of the numerous possibims of such models can be found in
Tobler (1988). An observed origin-destination mat@n be used in place of a travel cost matrix

to perform the iterative balancing of trip ends.

The implications of applying a trip distribution ohel are not necessarily obvious. Despite its
widespread adoption, most practitioners are unatvetethe trip distribution algorithm involves
the optimization of an objective function. Moreoventropy maximization is appropriate for
situations where only a minimal amount of inforroatidescribing a particular phenomenon is
known. While situations of severe information sdsrare still common, they are becoming less
so. Existing data should be exploited to the gstaiessible extent before the application of such

a naive model.

1.3.2.3 Mode choice

The choice of mode is typically presented as tirel 8§tep in the 4-stage process but it is in some
respects a deviation from the procedural framewddgregate models of mode choice are
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usually implemented in the two earlier stages. Tggneration rates for different modes are

widely available and the gravity model can be agaplising the cost of travel by any mode.

The bulk of the academic literature on mode chaleals with the method popularized by the
Nobel laureate Daniel McFadden. Based on the neom@mic concept of utility maximization,
this approach consists of a generalized lineaes=gon model that is applied to individual actors
(McFadden, 1974). In this respect, it is a disaggre model incompatible with the zone system
used in the generation and distribution steps.cimventional results of the model, however, are
aggregate in the sense that they predict marke¢ staher than individual choice.

A summary of the algebra is as follows:

The utility of individuali is assumed to have observed and unobserved contpdfeands;,

respectively. Total utilitylJ;, is therefore

Ui = Vi + & (123)

If the unobserved (random) component of the utiitgssumed to follow a Gumbel distribution,
then it is possible to estimate a generalized tinegression model where the dependent variable

is the probability of personchoosing modé The form of the model is

Ui
Prim; =) = 55— (1.24)

_—

Uji = X;B+ Y,y (1.25)
wherem is the mode chosen by person;; is the utility person obtains from modé andk is
the number of modes among which persooan choose. The utility function is a linear

combination of variables representing attributesnotlej (X;) or attributes of person(Y;). The

parameter$ andy are estimated using maximum likelihood techniques.

The logit model has the property of independencerefevant alternatives (IIA) which means
that the attractiveness of one option relativertotiaer does not depend upon the total number of
options. The flip side of this property is that @lose market share of each optidoesdepend on

the number of options. It is essential, thereftrat the choice set offered to each decision-maker
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be composed of truly independent alternatives. rd'laee many situations where the choices are
not independent, such as the choice between aive-aind park-and-ride modes. Considerable
effort has been expended to circumvent the IIA prop through the application of other
methods such as the probit model, the nested ihogdel (Ortuzar, 1983) and the mixed logit
model (Hess, Bierlaire, & Polak, 2005; McFadden i, 2000). These same methods have

also been applied to models of route choice, dssdisn more detail below.

As is the case with trip generation and trip dosttion methods, it is important that the mode
choice model estimation results not take precedenee trends which are evident in the data.
For example, a notorious property of logit modedad regression models in general) is the
possibility of estimating statistically significamgarameters with incorrect signs. A more

fundamental problem with utility maximization thgoarises from the demands it makes of
individual travellers. In particular, it assumestthravellers have perfect information about the
alternatives available to them and that they caturately predict the consequences of each
choice. These assumptions are necessary for toethlg to function, but they are not always

representative of reality.

1.3.2.4 Traffic assignment

Traffic assignment — the last step in the 4-stagdeh— is the step of greatest interest to the civi
engineer since it estimates the load on the nfitastructure and permits an evaluation of the
performance of the system. The load on the buflagtructure is represented by the vehicle
flows on network links and vehicle flows are theggation of the paths followed by individual
travellers. Traditionally, a traffic assignment nebtiakes the origin-destination matrix for each
mode that is typically generated using the previdsseps and assigns it to the network using a

rule for route selection.

The problem can be viewed from at least two petspes: First, the optimal assignment of
vehicles to a network is a very old logistical gesb and is of interest to any transportation
services provider, be it the military, a railwayp airline or a trucking company. These
organizations engage in transport planning in thest sense of the term: all movements are
planned to the greatest extent possible. Seconitheiparticular case where a central authority
provides only the right-of-way, but not the vehg;l¢he situation is much more chaotic and the

relevance of the term “planning” is not always aws. Nevertheless, techniques have been
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designed to predict the distribution of independegtticles on a partially controlled network.
These methods are applied to the modelling of ugngomobile traffic. The three components
of a traffic assignment model are: a representatibriransport supply, a representation of
demand, and a hypothesis about driver behaviouhdmext three sections these elements are

described in detail.

1.3.2.4.1 Representation of Transport Supply

Transport supply is conventionally representedgitiie concepts of links and nodes, or arcs and
nodes, or edges and vertices, borrowed from gragbry where a graplg, is composed of a set
of links, L, and nodesy.

G = (L,N) (1.26)

In general, the links in a graph representing aspartation network are directed meaning that

each linkl is defined by an ordered pair of nodes.

= (x,9) (1.27)

wherex andy represent, respectively, the “head” and “tail” esaf the link.

The graph-based model seems appropriate sincestteateransport networks, when viewed
from the air or on a map, appear as a series efsatting lines. The visual appearance of the
system dominates the construction of the graph rthe@somorphism, with intersections
represented as nodes and the road segments beimteesections as links. The origin and
destination of a trip are usually taken to be npddthough alternative approaches do exist
(Federal Highway Administration, 2005; Horowitz (A().

A fundamental tenet of transportation modellinghigt travel between two points has a cost. It is
usually assumed that travel costs associated withp are incurred on links rather than at the
nodes. In static traffic assignment models, it @nmon practice to assign penalties and
prohibitions to movements between certain linkseskh transfer penalties can be used to
represent legal restrictions on intersection movemer to represent the additional delay

associated with a particular type of movement, sasha left turn. The advent of dynamic



34

microsimulation has led to the explicit represantatof queues at intersections and the delay
caused by waiting for gaps in opposing traffic,shabviating the need for the application of

movement-type penalties.

In computerized models of transport systems, thsvork& is structured as a set of related
databases. The database of nodes, which reprasgssections and serves to define all the
other objects in the network, indicates the logatid each node in space and contains relevant
information about the type of traffic control whichimplemented. The direction of each link is
defined based on the order of the two nodes tolwihis connected. Other link attributes include
travel time, capacity and functional class. Anottlatabase describes which movemenisare

possible between links at a given intersection énpd-ormally,

m(i) = (r,s) (1.28)

where
r = (hi) (1.29)
s = (1)) (1.30)

In other wordsy is a link which enters nodeands is a link which exits node There are
numerous types of movements, the most common hbnoeggh, right turn and left turn. Other
varieties include u-turns and merges. The type @feament is defined by the angle between the
entering and exiting link. A simple example of @ibal model intersection is shown in Figure
1.7.
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Figure 3-3: Lane Connectivity (blue arrows) for the lanes from links related to Node 2.

Figure 1.7: An example of nodes, links, lanes amyements constructed for traffic modelling

purposes (Serras, 2007).

At unsignalized intersections, each movement igyaed a priority according to the position of
stop or yield signs. At signalized intersectionsvements are associated with a signal phase and
each phase belongs to a cycle. All these objee&seaplicitly represented in dynamic traffic

assignment models, but are necessarily ignoretitit snodels.

In urban road networks the flow of traffic is regiedd primarily by control systems at
intersections. In addition, path choice sets af;neé by movement permissions and capacities.
Although links remain associated with a cost ofveéla they serve primarily to connect
intersection movements. This conception of the moatsvork lends itself to the construction of a
“dual” problem, where road segments become noddsirdarsections are exploded into links
representing permitted movements (Afiez, de la B&mérez, 1996; Hu, Jiang, Wu, Wang, &
Wu, 2008; Porta, Crucitti, & Latora, 2006; Volchenk& Blanchard, 2007).

The attributes of links, nodes and movements afieeteaccording to a hierarchy of functional
classes. The concept of hierarchy is well-estabtisind formally recognized by modellers in the
public transit domain but is usually much less &xiplwithin the traditional road modelling

paradigm (for a detailed discussion, see van N882R2 There are many different ways of
classifying road network elements. Some commongdasions applied to network links are:
freeway, arterial, collector, local and ramp. Cleaf of the HCM provides general definitions

for each of these categories except local roadssd kefinitions are reproduced below.
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Freeway — A multilane divided highway with a minimof two lanes for the exclusive use of

traffic in each direction and full control of aceewithout traffic interruption.

Arterial — A signalized street that primarily sesvihrough-traffic and that secondarily provides

access to abutting properties, with signal spaciog3.0 km or less.

Collector — A surface street providing land accessl traffic circulation within residential,

commercial and industrial areas.
Ramp — A short section of roadway connecting taffitr facilities.

Integral to these definitions are the notions obitity and accessibility. Freeways and arterials
primarily serve through traffic in order to maxiraiznobility. Collector roads and ramps are
designed to provide access, the former by conrgedtindifferent land uses and the latter by
linking one road facility to another. Intuitivelyocal roads also are designed for access rather

than mobility purposes.

A scientific method for applying this classificaticystem remains largely elusive, although
chapter 10 of the HCM does discuss in some ddtaiirhportance of a functional hierarchy for
the maximization of accessibility and mobility. TIHCM functional and design criteria for
distinguishing between different road classes hosva in Figure 1.8. The degree to which these
criteria are applied in the official classificatiof roads by local authorities varies significantly
between jurisdictions. For the purposes of simatathe route choices of drivers, however, the

official classification matters less than the apparfunctional class of the road.
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Furctiond Category
Criterion Principal Avterial Minor Arterial
IWichility fundion ey important Irmportant
Acoess fundlion ey minoe Subslantid
Foints. connected Fresways, inportant adtivity centers, mejor | Prindpd anterids
traffic gaerdors
Fradominant tips | Rdatively long trips bebeeen mgor paints | Trips of moderate length within rd iy
served and thvough-trips entering, leaving, and | sell geographica arees
pessing through the alty
Design Category
Critarion High Spesd Sburben Intermedicte Urben
D'id;w_gfaxesa Wy low density Loy clersity Moderde dersity | High dersity
ity
Arterid type Mutilaedvided, | Multilanedvided;, | Multilane diided or | Uhdvidad onsway,
undivided or undivided or undividedt, one- TaD-way, two or
tec-lanewith tec-lanewith way, two-lane more lanes
shoulders shoulders
Parking Mo Mo Some Sigrificant
Separde [dft-tum Yes Yes aaly Some
lanes
Sgraskm 0312 06-30 28 4-8
Speed lirmit 7580 kmih E5-75 kh S0-65 ki 40-55 ki
Pedestrian ativity | Vary litile Little Some LeLily
Feerside Low dersity Low to medium MeddiLm to Hgh darsity
desdopment dersity mockerde density

Figure 1.8: Functional and design categories chmidireets according to the 2000 Highway
Capacity Manual (Transportation Research BoardQR00

In many traffic models, the hierarchy is implied the capacity and speed attributes of each
segment. Under congested conditions, however, ttleseacteristics vary with demand and so
the functional hierarchy fades as flow levels ilase In other words, the freeway becomes as
slow as the adjacent arterial road. The hierarchay mevertheless remain in the user’s
perception of the network. It has been suggestattiie hierarchy is an “emergent” property of
networks (Yerra & Levinson, 2005), meaning thattaier roads will collect disproportionate
shares of traffic even if no conscious effort isd@may an overseeing authority to establish
different road types. This tendency may be reldtethe greater connectivity of certain roads

relative to others (LAmmer, Gehlsen, & Helbing, @00

Until quite recently, the possibility of modellirtge entire road network of a large city seemed
remote due to constraints on computer memory aratessing power, In addition, the

aggregation of demand into zones means that atign and destination are represented by a
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single point (the zone centroid) connected to thievark by artificial links. The introduction of
such a large spatial distortion renders unneces@ycodification of a detailed network.
Centroid connectors are considered proxies foll lmzads and are usually coded as uncongested,
low-speed facilities as a result. Although curresghnology is sufficiently powerful to make
these contrivances unnecessary, the limited amoohftgeliable demand data in most

jurisdictions means that a system of zones musttagned.

1.3.2.4.2 Representation of Transport Demand

The aggregate nature of the 4-stage model meansdémaand is input into the assignment
procedure in the form of one or more origin-destoramatrices, each representing a time period
or “slice”. In large-scale regional models, eatibestypically represents at least one hour. In
more microscopic models, the time slices are afteminutes. Algebraic convenience aside, the
use of o-d matrices has little to recommend tdnitearly models, where zones were small in
number and large in size, the use of a matrix wasfijable especially considering the formerly
high cost of computer memory. Over the years, tle® been a trend toward smaller zones
which means that more of them are required to ctheesame area. A smaller zone will generate
less total demand and this demand will be distebubver a larger number of origins and
destinations. As a result, it is common to find meas composed of millions of cells with the
vast majority (95% or more) empty or containing i@noscopic number of trips. In practice, it is
common to find non-zero o-d pairs with demand tess 1. In such cases, the matrix becomes

an extremely inefficient way to store trip infornoat.

Another problem with the o-d matrix is its diagoreéments. Demand along the diagonal is
demand within the zone and, since all demand fporee originates or terminates at a unique
centroid, such trips are not assigned to the ndétwiarzones which cover a large geographical
area, the number of trips not included in the assgnt may be significant.

The greatest criticism that can be made of thenoatkix is the paucity of information that it
contains. Travel demand is in reality a complex numeenon dependent upon attributes of
individuals, households, vehicles and activity skhes. An o-d matrix, as a two-dimensional
table, necessarily ignores socio-demographics, dimld interactions, and the evolution of
demand over time. While matrices can be construtdedgmall time periods, it is absurd to

employ, for example, matrices for each minute Bxteour simulation particularly given the data
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storage issues discussed above. The logical soltdgithese problems is to input demand in the
form of a list which, in addition to being moreieiént, would also allow for the assignment of
relevant traveller attributes to the network. Th®ANSIMS package (Federal Highway
Administration, 2005), designed for activity-basaddelling, offers this possibility.

1.3.2.4.3 Representing Supply-Demand Interactions (Equilimiu

A model of demand-supply interactions for automeliiaffic requires a hypothesis about the
way drivers choose their routes. The simplest Hygsis is one which says that drivers choose
the path which offers the minimum travel time begwé¢heir point of origin and their destination.
When all the demand for a particular o-d pair isigieed to the shortest path (Bellman, 1958;
Dijkstra, 1959) using this hypothesis, the modekaled an all-or-nothing assignment. The

major weakness of this approach is that it doesoobunt for congestion effects.

Traffic assignment models which account for corigasivere born out of Wardrop’s hypotheses

(principles) concerning the behaviour of driverbeTirst hypothesis says that:

“The journey time on all the routes actually used aqual, and less than those which would be

experienced by a single vehicle on any unused route

This hypothesis is known as the user-equilibriunmgiple. The second principle, dubbed the

system equilibrium, says simply:
“The average journey time is a minimur@Wardrop, 1952).

Despite the difficulties involved in obtaining swppng empirical, the very intuitive first
principle is applied almost universally in modefscongested traffic. The assumption of user-
equilibrium in a transport network has several intgnat implications. Most obviously, the total
cost of travel is not necessarily minimal, as wolddthe case under a system-equilibrium. The
cost of travel between a given o-d pair is not seagly minimal either, even though no user can
reduce his travel time by unilaterally switchinghm More surprisingly, it is possible that the
removal of certain links can actually reduce thertejuilibrium travel time between a given o-d
pair. This last phenomenon is known as Braess'durgBraess, Nagurney, & Walkobinger,
2005).
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Wardrop’s principles were expressed mathematichity(Beckmann, McGuire, & Winsten,
1956) and a functional algorithm for solving thelgem was developed by (Frank & Wolfe,
1956). A summary of the procedure is given belew@scribed by (Sheffi, 1985).

The model is based on the assumption that thestsexor each linka, a relationship between
the traffic flow §) and the travel timet) Letters in bold represent vector quantities.sThi
relationship is known as a volume-delay functionder the hypothesis of user-equilibrium, the

objective function®) to be minimized is

z(f) = Z fo fata(u)du (1.31)

subject to constraints on path flow:
by = Z frs,k (1.32)
k

frspe 20 (1.33)

wheref, is the flow on linka, t; is the travel time on linka, &, is the total demand between
origin r and destinatios andk is the path index. The varialigi is therefore the flow on path
between origirr and destinatios. The objective functioz has no real-world analog. Link flows

are related to path flows through the expression

_ a a _ (liflink ais part of path Q,k
Ja = zﬂ: zk: JaxPa where 0g, = { 0 otherwise (1.34)

where() is the o-d pair index.

The vector of all link flows is represented bySince the travel time on a given link is dependen
on the amount of flow using the link, the optimipat process is necessarily iterative. At each
iteration n, a new value of the objective function is found fgrforming an all-or-nothing
assignment. This process yields an auxiliary setirgf flows g. The objective function at

iterationn becomes
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n —
z ‘Ztaga (1.35)

a

The amount of flow to transfer between regirh@sndg is computed by taking the derivative of
the objective function evaluated at some stepsial®ng the descent directiog, f,,), setting it

equal to zero and solving fat
d
2l +a@ =Dl = ) (ga— fltalfu +alga~fI =0 (1 3
a
To proceed to the next iteration, set

41 = £ 4 q(g" — ) (1.37)

The algorithm terminates when the link flow distiiion is sufficiently close to the theoretical
user-equilibrium state. A common metric for represey the disparity is the relative gaR’,
which is the difference between the total costrate¢l using the link flow assignment of the
current iteration and the total cost of travelliffiow were assigned to the shortest path, divided

by the current value of the objective functionother words:

_ Za ta(fan)(fan - gg)
Ya fofg to(wdu

n
R (1.38)
Because the objective function does not represegealghysical quantity, the relative gap has no

obvious interpretation, so alternative measuresoolergence are often employed. The example

below compares travel times between o-d pairs swecessive iterations:

|u7r”ls - u;}s_ll

€> Z T (1.39)
rs

whereuj is the minimum travel cost betweemnds at iterationn ande is an arbitrarily small

quantity.

Theoretical convergence of the algorithm can beraptaed only if the link volume-delay

function is monotonic increasing. Otherwise, thegmal cost of travel on a link could decrease
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or remain constant with increasing flow, thus peting the assignment of an unlimited number
of vehicles without increasing the value of theeahtive function. There exist numerous varieties
of volume-delay functions (see for example Cheaddtdd, & Hariri, 1992; Speiss, 1997) but the
most common one is the equation proposed by theduof Public Roads (Bureau of Public
Roads, 1964).

t(wv) =Ty ll ta (%)ﬁl (1.40)

whereT) is the travel time on the link when the volunagis zero,C is the capacity of the link
anda andp are calibration parameters. In practi€eandT, are often calibration parameters as

well since their true values are difficult to olotdor every network link.

It is important to note that the solution at thd efeach iteration is found in terms of links flew
only. The existence of a theoretical unique sotutian be proven mathematically. The path flow
solutions, however, are non-unique. This propergans that it is impossible to follow an
individual vehicle through the network. In additjoine amount of flow on each path is not
retained in the calculation process. As a reshdi, user-equilibrium method cannot properly be
classified as model of route choice. It is actuallffow-optimization model. Simpler heuristics
exist for optimizing flow on a network subject tapacity constraints. The Hitchcock method
(Hitchcock, 1941) and the Ford-Fulkerson algoriti{fford & Fulkerson, 1956) are two
examples. These algorithms, however, do not incatpothe presumed selfish behaviour of

independent drivers.

Because of its ability to represent congestionct$fand Wardrop’s user equilibrium principle,
the Frank-Wolfe method (often referred to as deit@istic user-equilibrium (DUE) traffic
assignment) was successfully packaged and soldramercial planning software beginning in
the late 1970s (Achim & Florian, 1979; Florian ét 4979). Competing approaches such as
UTPS (Dial, 1971, 1976) were largely cast asidéavour of the DUE paradigm. Since then,
simulations have increased in complexity and pdwetithe underlying philosophy has remained
fundamentally unchanged. Concerns have periodita&gn raised about the stability of the DUE

solution, and as a result new algorithms have le@loped which retain at least some path
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information and permit a better and more rapid eoggnce (Bar-Gera, 1999; Dial, 2006;
Florian, Constantin, & Florian, 2009; Jayakrishnésai, Prashker, & Rajadhyaksha, 1994).

The weaknesses inherent to the approach are wallrdented but often unappreciated by
practitioners and, not infrequently, by researché&freen DUE models first became operational,
computer memory was extremely expensive and asudt ienly skeletal representations of road
networks were possible. In a large urban area, edetsft network consisted primarily of
freeways, which are uninterrupted flow faciliti€3n such roads, the average speed of traffic is
deemed to be influenced uniquely by the level ohaed. Average speed decreases as demand
increases, as represented in the monotonic inagasiume-delay function. The applicability of
this model to urban streets, however, is questienaimce average traffic speed is primarily
influenced by signal programming. There exists dybof research which demonstrates that the
relationship between demand and delay on signalibeddors is considerably more complex,
particularly if the signal system is responsiveradfic conditions (Gartner & Wagner, 2004; Lee
& Machemehl, 2005; Meneguzzer, 1995). Moreover, f¢E model requires that a volume-
delay function be specified for each link in thetwmk. For large networks this task is
considerable and, more importantly, the fidelitytloé specification to any reality on the ground

is difficult to verify in any systematic way.

A well-recognized shortcoming of the DUE model gt it is static. As a result, it cannot
properly model dynamic phenomena such as queuesfit signals and other choke points. A
report from INRO (Mahut, Florian, Florian, Velan, &emblay, 2005) succinctly makes the

point:

“[T]ransportation planners around the world are irgasingly seeking traffic modelling tools

that can account for the temporal effects of cotigesStatic models are not designed to do this.
The formation of queues and their eventual spiltkoto upstream links cannot be modelled
appropriately, and flows that result on heavily gested links may be above capacity, which is

not realistic.”

As a result of this shortcoming, traffic assignmeméthodologies have fractured into three
distinct approaches: macroscopic, mesoscopic antbsuopic. The macrcoscopic approach has
traditionally been applied in regional models whedee to computer memory constraints,

networks, driver behaviour and simulation resuts greatly simplified to produce a general
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portrait of conditions on a large scale. While usdbr predicting demand for certain road
facilities in terms of vehicular volumes, they generally too coarse to reliably predict, for
example, the expected number of turning movemen@naintersection. Such information is
deemed essential in the design of signalized ietéiens and the associated coordination
schemes. The microscopic approach, which represedigidual vehicles dynamically, was
developed to meet this need. These models, howewsst usually be fed traffic volumes as
input since they usually do not simulate route ceoMesoscopic simulators were developed to
act as a bridge between the microscopic and mampasanodels (Barcel6 & Casas, 2006;
Mahut et al., 2005). In this framework, individuahicles are modelled dynamically and a route
choice mechanism is incorporated to permit thegassent of traffic using origin-destination
pairs as input. Unlike microscopic models, mesogcamdels are not based on discrete time
intervals but rather on vehicle events, specifictie arrival and departure from a network node.
This means that vehicle movement on links is nglieitly represented. Other dynamic traffic
assignment (DTA) platforms have been developednamily for real-time testing of traffic
management strategies implemented with the helmtefligent transportation systems (ITS)
(Ben-Akiva, Bierlaire, Koutsopoulos, & Mishalani,998; Mahmassani, 2001; Peeta &
Ziliaskopoulos, 2001). The ability of these platfizr to represent entire urban areas was

uncertain at the time of writing.

A large body of work adopts a distinctly differemethod to the problem of routing vehicles
through a network. This route choice analysis apghouses the discrete choice theory
commonly employed to estimate modal shares (Casc&usso, Viola, & Vitetta, 2002;
Frejinger, 2008; Hoogendoorn-Lanser & Bovy, 200@nfning, 2002). It is a probabilistic
method which bears some similarity to the path-ohonodel developed by Dial (1971). The
route choice and traffic assignment paradigms lsaalpear independently in the literature but
some attempts have been made to unify the two idgedry incorporating the equilibrium
objective into the choice model (Bekhor & ReznikoZ®07; Chou, Takriti, & Underwood,
1993). The development of mesoscopic dynamic siordaand path-based traffic assignment

algorithms (see above) represents a further stépsrdirection.

The collection of large quantities of complete pathta is made possible through the
instrumentation of vehicles with GPS. The generatath, which consist of a chronological

sequence of points in space, can be matched wditital network to produce detailed itineraries
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for a particular trip. In-depth analyses of thifonmation structure reveal that driver route choice
depends on numerous factors in addition to trawek.t In particular, traffic signals, route
directness, the time spent on the superior net@adkpersonal habit have been found to play an
important role in the decision process (Bierlair&&jinger, 2008; Jan, Horowitz, & Peng, 2000;
Papinski, Scott, & Doherty, 2009).

1.3.2.4.4 Equilibrium Re-examined

The analysis of disaggregate revealed preferenge wata undermines, to a certain extent, the
user-equilibrium hypothesis. Jan et al (2000) miode:

“The current methods used by planners for modetiatih choice in traffic assignment have been
developed largely in the absence of objective dogbirevidence of actual path choices.
Theories of user-optimal equilibrium assignment atochastic multipath traffic assignment
have proven quite useful to planners, but thoserélyns’ underlying assumptions related to

path choice have not received an adequate lewalafation.”

Moreover, the same study indicated that, in marsegathe chosen path was not the shortest.
This finding is consistent with the hypothesis athed by Scarlett who studied the path choices
of drivers in Montreal during a snowstorm (Scarld®70). Citing Simon (Simon, 1957), he
points out that humans are more accurately destrds “satisficers” rather than optimizers
since they do not posses complete information attmutivailable alternatives and because they
are unlikely to follow an arduous computation psx&hen making a decision. Moreover, it is
clear that drivers cannot know with any certaintyether or not the path they choose is actually
the shortest one at the moment they undertake tifiy@irThey can choose their path only based

upon their previous experience. To quote Scarledttly:

"Drivers do not all, and repeatedly, experiment hwidlternate paths. Once settled on a
satisfactory path, it is easier and safer to stayhwt than look for an optimum. Habit is

compulsive. But paths change over time in theiinaglity: growing congestion slows down a
once-fast route... To the extent that he refrairosmfexperimentation on alternate routes it may

be weeks, months or even years before he discbetes alternate ways."

This is not to say that the user-equilibrium pnmeishould be discarded since drivers do have a

tendency to minimize the amount of time they dadida a particular trip. Nevertheless, two
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points must be emphasized. First, driver knowleafgeetwork conditions at a given moment in
time is necessarily incomplete and imperfect. Sdcdme tendency to minimize travel time is
likely just that — a tendency. The degree to wltreliel-time minimization is imperative depends
upon the individual, the trip purpose, the dailyivaty schedule and external factors such as non-

recurrent congestion caused by traffic accidents.

1.3.2.4.5 Wardrop’s Third Principle

The case for a more nuanced position with respeittet user-equilibrium hypothesis is provided
by Holden (1989) who noticed a supplementary dpson of equilibrium in Wardrop’s text and

dubbed the sentence “Wardrop’s third principle”:

“Traffic will tend to settle down into an equilitnm situation in which no driver can reduce his

journey time by choosing a new route.”

Unlike the first two principles, this one referspégitly to individual drivers, uses the word
“equilibrium” and accounts for the probabilistictnee of the system through the verb “to tend”.
In addition, Holden points out that a transportwgk exists not so much in equilibrium as in a
“steady state”. Each day, forces are exerted wiistupt this state but the system always tends
to return toward its “inbuilt tendency”. The existe of a steady state may not be provable
mathematically. But the fact that day-to-day trawusle fluctuations are small enough to permit a
rational choice of route of the type made by mil§amf drivers every day is strong evidence in its
support. Furthermore, the steady-state hypothests diot depend upon drivers choosing the
shortest route, since even random route choicesdvwend toward a steady state.

Holden describes a road network in terms of a éstpace” which is defined as:

“the set of all possible route-choice selectiondahido not exceed the capacity on any link and

which are compatible with fixed OD demand.”

Two attributes of the state space are the totadsxtime and the total travel time. Excess time is
defined “for each driver as the time by which tbete chosen exceeded the minimum possible
journey time on that particular occasion.” Cleathg total excess time cannot be less than zero
and the total travel time has a lower bound. Aesiat which the total excess time is zero
constitutes a Beckmann equilibrium and the minimatal travel time corresponds to Wardrop’s

principle of system equilibrium.
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Wardrop’s third principle is an expression of tligion that the state of auto traffic on a network
is the result of many route choices made by indiaiddrivers. This state is quite different from
the one implied by the word “assignment”, where edmgher power dictates the traffic levels
on each link so that an aggregate measure of netperformance conforms to a specified

criterion.

1.3.2.4.6 Validation procedures

An elementary test of any model is the degree twhvit can reproduce an observed reality. If it
cannot do this satisfactorily then it cannot béeckupon to make meaningful predictions about
projected scenarios. In the case of traffic mod&bslity” is usually represented by roadside
counts. The most common indicator for measuringpiréormance of a model is the amount of
correlation between the observed vehicle volumessthe volumes forecast by the model. Very
often, the roadside counts are performed by hamdl fan a single day only. Both the

representativeness and reliability of the informatare easily questioned as a result. More

rarely, average traffic speeds are measured andctirapared to the simulated speeds.

It can be argued that neither of these methodgmoariate for validating a model which
purports to simulate path choices. A comparisonmafdeled paths with observed paths is
required if the model is to be considered sciesdlfy rigorous. Historically, observations of
paths chosen by drivers have been very difficutititain. The fact that the models generate non-

unique path-level solutions does not help matters.

1.3.2.4.7 Model calibration

The traditional approach to the calibration of fimssignment models involves a great deal of
ad-hoc manipulation. At its best, this exercisbased on certain ground truths. A good example
is the discovery and elimination of network codergors or inaccuracies. Using aerial photos or
even more penetrating technologies like GoogleeBtrew, it is a simple if often tedious matter
to verify and correct the number of lanes, the dpimeit, the presence of a traffic signal, turning
restrictions and so forth. A more troubling examigehe coding of zone centroid connector
links which is necessarily an artful manipulati@ften, the discrepancy between simulated and
observed traffic patterns cannot be rectified tgftosupply-side interventions alone. On these

occasions, it is not uncommon to adjust the dentgnehanually adding or removing trips in the
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origin-destination matrix. Since these manipulatiane not based on any observed phenomenon,
it is difficult to justify them as part of a sciéiit methodology. Moreover, translating these

manipulations into projections of future demandngpossible.

While this calibration process often leads to inwagbaccordance with reality (particularly when
it comes to matching simulated volumes with traffaunts), it is very time consuming and the
benefits are frequently marginal. Although netwarkdels should reflect reality to the greatest
possible extent, arbitrary adjustments to repredgems of observed supply and demand must be
minimized if the analysis is to retain any crediibs a scientific exercise

1.3.2.5 Critiques of the Four Stage Model

The four stage model has been widely criticized ifsr simplistic assumptions and lack of
behavioural basis. At least two critics have gam¢her, attacking not just the four stage model
but the urban transportation planning culture inegal. Talvitie (1997, 2007) has argued that
transportation planning, in its current form, isoM unscientific and has failed to solve the
problems it was originally designed to address. @duer, an over-zealous belief in the principle
of utility maximization and the equilibrium betweesnpply and demand has been a contributing
factor in many of the problems now faced by citssund the world: congestion, pollution,

urban sprawl and economic segregation.

Several decades have elapsed since Atkins (19788) 1Questioned the pertinence of urban
transportation planning as embodied by the fouyestparadigm. Nonetheless, the points he
raised remain highly relevant. To begin with, urlieansportation planning was and is a big
business. Governments all over the world give mmaltiion dollar contracts to private firms to

“plan” transportation strategies. The usefulnesd aslevance of the end result are rarely
guestioned. Secondly, the plan as developed insthdy is hardly ever executed due to
widespread public opposition which was never fagasky the planners. Third, the complexity
of the modelling process makes it completely incoehpnsible to anyone not intimately

involved. Extreme complexity has two results: esraran propagate through the model
undetected and an informed critique of the modglfanocedure is almost impossible. Finally,
urban transportation planning was conceived ingenvehen centralized planning by government
was still publicly acceptable. Grandiose plans Wwtdgn to have a significant impact on people’s

daily lives (and which will be a burden on taxpayeare now viewed with deep suspicion.
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These criticisms are not easily refuted. Performangtrategic analysis of public transportation
infrastructure which conforms to basic professioaald scientific criteria is a formidable

challenge.

1.3.3 The Totally Disaggregate Information-based Approach

Developed at the Ecole Polytechnique of the Unitsersf Montreal under the acronym
MADITUC (Modéle d’analyse désagrégée des itinémide transport urbain collectif —
Chapleau, Allard, & Canova, 1982; Chapleau, 198®23,approach is significantly different from
the four-stage paradigm. It owes its existencinéopresence of detailed information describing
individual travel behaviour, including traveler enaction with the network obtained through
descriptions of public transit itineraries (bustesy stops and transfer nodes). This information
is embodied in the Montreal household travel surdegcribed in the next section. A reverse-
engineered algorithm is employed to develop moalish contribute to the mutual enrichment
of the attributes of multiple transport objectseTlatform is designed to optimize the operation
of public transit systems and its functioning isséx upon the direct observation of travel
demand expressed in units of individual travell@tss information is typically collected using a
revealed preference survey (described in the rextiag) although new perception technologies,
particularly smart cards, offer potentially intdreg alternatives. Assuming that sampling issues
can be adequately dealt with, the information ooselm paths renders a considerable portion of
the four-stage method obsolete since the quamitlydastribution of trips, as well as the modal
shares, are observed directly. In addition, plamitormation describing the utilized path is
collected for many trips. The totally disaggregatteure of the data allows for post-treatment

aggregation to any level of analysis, be it a zanteansit line, a bus stop or a bridge.

A schematic example of the totally disaggregatermftion-based approach is shown in Figure
1.9. A transportation corridor is analyzed by camging relationships between four independent
sets of data: the Montreal travel survey, the maficensus, transit agency smart cards, and
operational data including bus schedules and ¢raffjnal timings. Each database is described in
terms of atomic units of analysis, transportatidojeots and their attributes, as well as

performance indicators resulting from the synthgsmcess. The analysis is performed using
three types of technology: GIS, data visualisatithods, and an interactive tool for examining

the raw data.
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Figure 1.9: Application of the totally disaggregateormation-based approach to the analysis of

a transportation corridor in Montreal (Chapleau i&hé, 2009)

The salient feature of the totally disaggregater@ggh is that it is not based on a system of
zones. Objects which exist in space (householdssitr stops, trip origins, trip destinations) are
all geocoded as precisely as possible. This appradaviates the need for centroids and
associated connectors, as well as origin-destimatizatrices. An information system is
constructed which manages and relates databasesbdss each of the objects simulated in a
transport model. The simulation process itself isearistic for associating different databases
with each other. For example, a traffic assignnmeadlel associates the database of road network

links with the database of auto-drive trips.

1.3.3.1 The Montreal Travel Survey

The Montreal travel survey is a revealed preferesuoeey based on telephone interviews of
households. The first one was undertaken in 1970tH®y Montreal Transit Corporation
(Commission de transport de la communauté urbain®ldetréalor CTCUM) for the purposes
of planning an expanded public transit network atre when the public transit mode share was
near 50% and when computing power was still verpeasive. The survey consisted of

interviews of roughly 5% of the households locatedhe region served by the CTCUM. As a
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consequence, the survey area was limited to a Begion of the island of Montreal. A major
network redesign, including a significant expansabithe subway system, was being planned to
coincide with the 1976 summer Olympics, which Meatrwould host. At the time, regional-
level transit assignment models had not been imghéed and so large quantities of data were
sought to determine public transport usage patterfise crucial question in the survey was
“which line(s) did you take?” Related planning cuosts, such as zone systems and networks,
were designedased on path information declared by the survepoadentsand the resulting
data structure permitted a coherent and credibsgg@ament of trips to the transit network
(Chapleau, 1974). Subsequently, exponential ineseas computer processing speeds and data
storage capabilities had several important consempse First of all, they have made possible the
codification of the entire public transport netwatkwn to the level of individual bus stops.
Also, public transit planning methods are no long@sed on zones. Origins and destinations are
now geocoded to the nearest metre. Aggregationsnwecessary, are done based on major trip
generators. This framework is sufficiently credibdebe used as the basis for the distribution of

fare revenue and provincial subsidies to eachitragsncy operating in the region.

Gradually over the past few decades, the surveydiesn under the shared jurisdiction of the
Société de transport de Montré@ direct descendant of the CTCUM), other regidnanhsit
agencies, and the provincial ministry of transpdite data it generates are no longer used
exclusively for transit planning, but for a wideriedy of analyses and research concerning all
modes of travel. The survey area has been conyneigbanded and now constitutes a 4% to 5%
sample of the entire island of Montreal, its closainland suburbs and many outlying, almost
rural, regions as well. In addition to asking siamiders which lines they used during their trip,
the survey also asks drivers which freeways andigbs they used. As is already the case with
transit line data, this information would ideallye bused to estimate and validate traffic

assignment models.

The Montreal travel survey has been refined oveerse decades and provides an extremely rich
assortment of information on households, individuahd trips. When the survey data are
combined with other available information such asstis data and geomatic descriptions of
transport infrastructure, statistical and spatiadlgsis techniques can be applied to address a

very wide array of questions relevant to the urtsansport planning discipline (Morency, 2004).
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The survey is not perfect, naturally. Only one fiview is performed for each household. The
respondent answers on behalf of himself and alérotftousehold members, of whose travel
behaviour he has only limited knowledge. The sampiaterviewed households is likely biased
in several respects, even though some controlsngoéace to ensure that each segment of the
population is well-represented. The quality of tesulting data depends to a significant extent
on the work performed by the interviewers themsglveone of whom are transportation
specialists. Much effort has been devoted to thveldpment of a graphical user interface which
assists the interviewer over the course of thevieges by maximizing the coherence of the input

information (Chapleau, 1997).

1.3.3.2 Application to public transit systems

The development of the totally disaggregate paradigMontreal was initially motivated by the
need to adequately simulate the public transitesystThe travel behaviour of transit users is
strongly influenced by the access and egress tnipponents (usually made on foot) and these
could not be represented using the zone systenireedoy the four-stage method. The goal has
always been to perform detailed and multi-dimersicanalyses of the transit system and its
clientele. Complete descriptions of observed trdaftaviour facilitate the planning of public
transit services and the associated allocatioresdurces. These methods are currently used to
plan bus routes and service frequencies, to deterraptimal fleet sizes and to assess the
equitable partitioning of the public transit sulysatross the various geopolitical entities whose
residents benefit from the service to varying degrd otally disaggregate trip assignment is also

used to validate the declared route informatiotectéd by the travel survey.

1.3.3.3 Application to public roads

The application of the totally disaggregate appnodas the Montreal road network was
investigated by Bergeron (1991). Analysis of thaegal interaction of travel demand and supply
has required the development and maintenance efaéletl geomatic road network covering the
entire metropolitan area. This network has beed usall-or-nothing assignments of automobile
trips contained in the travel survey without resauto a system of zones or an origin-destination
matrix. Traffic congestion, however, is not exglicirepresented. The absence of congestion is

usually acceptable in public transit simulationscsi an increase in transit demand does not
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increase the cost of travel, as a general ruleiatfans in road network speeds have nonetheless
been modelled based on direct observation with &Rfpped para-transit vehicles (Allard &
Grondines, 2007). Since almost all existing moaélsoad traffic congestion are based on the
assignment of demand between zone centroids, anmeivod must be found for representing
congestion within the totally disaggregate infornmatbased approach. The development of such

a method is one of the goals of this research.

1.4 Equitable Road Transport

The term public transportation is usually takenrefer to mass transit services provided by
municipal governments. It should be pointed outydaer, that almost all urban transportation,
regardless of mode, is public transportation in $le@se that it involves the act of sharing.
Fundamentally, travelers in a bus or in their cams sharing space. They are also sharing
economic and natural resources. Any situation whiefuires sharing necessarily raises
guestions about fairness. In transportation studmesword “fairness” is often represented by the
term “equity” (Forkenbrock & Sheeley, 2004; Levins@002).

Equity in urban transportation has many dimensitmghe ecological context, it refers to equity
between generations: the current generation mesepre resources for the generations to come.
These issues often fall under the headings “sustéerdevelopment” or “environmental justice.”
There is also a notion of social equity arisingrrthe realisation that not all socio-economic
groups enjoy the same access to opportunity. Toateon in general and public transportation
in particular is sometimes advocated as a measuaddress the resulting inequalities in income
and quality of life. Yet another perspective on igginvokes the user-pay principle whereby
individuals who use a particular transport sengheuld pay the full cost of their consumption.
Within the domain of regional traffic models, thast majority of research in this area has
focused on this latter objective. It has gainedtatthl traction because of its compatibility with
the objective of intergenerational equity sincehbapproaches aim to reduce automobile use (or

at least make it more efficient).

Less often, the issue of equity is considered geapolitical problem. In most jurisdictions,
transport infrastructure is funded through taxatiynlocal, regional or federal governments. A
government’s authority is defined by its adminigt@ limits which are nothing other than
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boundaries in space (zones). The interaction betweeetwork (transport infrastructure) and a
system of zones (administrative regions) can resuhe inequitable redistribution of resources
as well as the evasion of fiscal responsibility dmme jurisdictions. All these discussions are
fundamentally concerned with a perceived distridnutof costs and benefits among different
groups. ldeally, the distribution would be “fairdJthough the definition of fairness is highly
subjective. Some degree of clarity can only beeadd if the costs and benefits in question can
be quantified and if certain objectives of a tramsgtion system can be agreed upon. In the
context of the present research, the transportalyetem in question is an urban network which
serves private automobiles. The next section &f thapter deals with issues of costs, benefits
and purpose of such a system. The second sectsmusdies the user-pay principle more
commonly referred to as marginal-cost pricing. e third section, equitable transport as a
geopolitical problem is explored. The fourth sectaetails the redistributive effects of a public

transport system.

1.4.1 Costs, benefits and objectives of urban road transpt

The costs of urban road transport are well-recaghiindeed, the private car is considered a
dangerous nuisance by many. The benefits of the meawork are also obvious, although they
tend to be de-emphasized in the current polititalate. The role of the road transport system in
the functioning of urban areas is also, to someatedaken for granted.

Lakshmanan et al. (2001) note that the primary fieoka transport system is derived not from
its provision but from its use. This statement &sdx on the assumption that the demand for
transportation is derived from demand for otherneooic opportunities. The authors also
distinguish between “external” and “internal” costsd benefits. “External” refers to costs or
benefits that are not included in the transactidoepof the transport service while “internal”
refers to costs or benefits that are included i@ ttansaction price. Also, because of the
interaction induced between otherwise insulatedufajns, the provision of transportation

services often produces clear winners and losers:

The incidence of gains and losses over differaer@st groups may thus vary over space. This
means that equity considerations, and issues oflséeasibility are likely to be important

determinants for the viability of infrastructureljmes.
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Lakshmanan et al. list the numerous benefits géebiay a transportation system. These include
economic stimulation during the construction of nesvastructure, the development of trade
between regions; increased access to opporturistsbuted over space and time, improved
productivity, greater market competition and deseelacollusion. The authors note that, with the
exception of effects related to construction, thbeaefits should not be considered external
since they all accrue to users of the system. Batdoenefits of usage are considered to be

negligible.

The costs of transport are also classified in teahgrovision, usage, and whether they are
external or internal. The provision of transponvgmes generates construction and maintenance
costs. These costs are usually internalized by rgovent through taxation of the general
population. The internal costs of usage includeictelpurchasing, maintenance, fuelling and
insurance. There is also a cost associated with &gz but this cost is difficult to quantify
monetarily since it is most easily calculated imte of time which, although valuable, has no
price. External costs of usage include traffic csign, pollution, noise, annoyance and

accidents.

The costs of traffic congestion provide an espsciath topic for discussion. Congestion is
considered an external cost because individuakdsion a congested road do not pay for the
delay they impose on other drivers. This premisenfoa virtually universal consensus among
economists. There is a related theory which goethdu by stating that traffic congestion
represents a loss to the economy in general (A&oBmall, 1994; Conseillers ADEC Inc.,
2009; Transport Canada, 2006; Weisbrod, Vary, &Zr€001). This idea is based upon the
assumption that the road transport system is nbinafly priced and the inefficiencies which
result represent a cost to individuals and buseseddonetary estimates of this economic cost of
congestion are founded on presumed values of timdeage frequently used as justification for

the widespread implementation of marginal costipgic

The notion that urban traffic congestion imposesa@netary cost on society raises important
points about the purpose or objective of an urkead rsystem. As suggested in a paper by
Stopher (2004a), if the purpose of road infrastreeiprojects is to reduce congestion, then they
are spectacular failures since traffic congestieergvhere has increased in lock-step with the

guantity of new facilities. Fortunately, the purposf most transportation projects is not to
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decrease traffic levels but to increase mobilitgwNinfrastructure allows people to travel faster
and therefore further within a fixed time budgetalfdvi, 1979). In this context, traffic

congestion can be thought of as an indicator optice people are willing to pay for access to a
particular location. Efforts to reduce congestioa ieally efforts to reduce consumption, not just
of transportation, but of all goods and servicesctvlare accessible by car. While the goal of
reduced consumption may have merit in specificasibms, the wealth-destroying measures
required to maintain free-flow speeds on all roatlall times are never described in such terms

by their advocates.

1.4.2 Marginal cost pricing

Historically, much of the discussion around thecipig of roads has centred on the difference
between the marginal cost and the average cosirnsuenption. The average cost is a somewhat
abstract notion describing a total cost that idrithsted evenly among all consumers. The
marginal cost is what each individual consumer Wqay if the price were to cover the cost of
production. In strict mathematical terms, the m@agicost function is the first derivative of the
total cost function. To give a very general exampleople are said to pay the average cost of
their consumption when a service is provided freeharge by the government. Of course, “free
of charge” does not mean that the good or senoasé rmothing to produce. It just means that the
cost of production was covered by tax revenues hwvhre, in principle, completely independent
from the amount of service consumed. By contragsisamers pay the marginal cost when they

pay only for what they consume.

The accepted economic wisdom holds that averagepemsng leads to serious inefficiencies

and distortions because consumers do not payubkectist of their consumption. It has long been
argued that traffic congestion is caused by th#iaent use of road capacity which occurs when
road users do not pay the marginal cost of thauelr patterns (Vickrey, 1969). The theory is that
drivers pay the average cost of their travel pastehrough the amount of time they spend
travelling. At a particular instant, this cost ietsame for all users of a given facility. Moreqver
a vehicle arriving on a congested facility has aimgreater effect on the travel time of other
road users than a vehicle arriving on an emptylmiost empty facility. In other words, if a

continuous monotonically increasing supply curveassumed, the marginal cost of travel is

always higher than the average cost. The differér@teeen the marginal cost function and the
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average cost function at a particular level of dedn#és the optimal toll. According to the

prevailing economic wisdom, the toll raises thetcoktravel from the average cost to the
marginal cost and serves to reduce demand baséeonillingness-to-pay principle which is

represented by the downward-sloping demand cufre justification for this type of marginal

cost pricing (also known as congestion pricing)that non-toll public road networks are

economically inefficient. A typical toll-free highay, for example, carries a volume of traffic
well below its capacity for most of the day. Duripgak periods, however, the highway may
experience demand that exceeds its capacity neguttitraffic congestion.

To rectify the situation, many papers have beemtewiadvocating the application of dynamic
tolls to road networks. Since demand varies sigaifily over the course of the day, the marginal
cost of using a facility will vary accordingly. &osed solutions include time-variable tolls
(Arnott, de Palma, & Lindsey, 1993) or cordon-bas®ls in order to reduce traffic congestion at
locations and periods when congestion is partibulsevere. A system of this type has been
implemented in Stockholm. The simulation of timeyiag tolls requires a dynamic model of
traffic of the type which has yet to be succesgfifiplemented at the scale of a large urban area.
On the other hand, tolls which vary only by fagilir geography lend themselves to analysis
using the traditional traffic assignment modelsdoben the four-stage approach. Such analyses
are made possible by placing a monetary value arelrtime, and replacing the standard link
cost function with a function of generalized cddte generalized cost is the sum of the toll and
the volume-delay function evaluated at currentfitdévels converted into monetary units via
the value of time coefficient. An elastic demanddiion is often incorporated in the simulation.

Mohring (2006) offers a good example of such an@se.

An extensive body of work exists describing theiglesand impacts of different tolling

mechanisms such as tolls based on distance, tdlsdoon time spent on the facility, congestion
pricing, area-based tolls and cordon tolls (Di&lp@ May & Milne, 2000; Vrtic, Schuessler,

Erath, & Axhausen, 2007; Yang & Zhang, 2002). Dise&xbased and cordon tolls are easily
simulated in a traffic assignment model since trexyuire only that an additional cost be added
to the links that form the tolled facility or therdon. More complex tolling systems require
modified algorithms. For example, an area-baseldctwrges drivers for a permit to enter a
designated sector. The permit allows re-entry duarspecified period (typically one day). The

London congestion charge operates in this wayrdieroto model such a system, it is necessary
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to track vehicle trip chains. A modified traffic ssghment algorithm which does this was
proposed by Maruyama and Sumalee (2007). In thetfdainregion, user equilibrium traffic
assignment methods have been used to study aahkst@ased toll on a new bridge between the
Island of Montreal and the suburb of Laval (PB Gdnsnc., 2002).

Road pricing systems exist in many jurisdictionsevehtheir application is limited to interurban
freeways. Implementation of congestion-charging maecsms in urban areas is comparatively
rare, in part due to technological constraints ddab because such measures have always met
with a great deal of popular resistance. This taste stems from drivers’ belief that they
already pay sufficiently, through taxes, licensfags and insurance premiums, for the privilege
of driving. Moreover, non-tolled alternative routes cheaper modes of transport are not
available to many travellers. In addition, the odton of an optimal toll requires the
conversion of travel time into units of money, whis a far from self-evident exercise when
applied to a large and diverse population (Atkit@34). Crozet and Marlot (2001) have even
argued that the tolling mechanisms usually propag#dn fact do little to reduce congestion in
urban areas since the price elasticity of autoeirdemand is extremely low. These issues have
contributed to the discussion of equity in transmoon because, under a conventional tolling
mechanism, people with lower incomes are effectiyeiced off the road. The possible side-
effects of this reduced mobility on already vulri@eapopulations have been discussed at length
(Bonsall & Kelly, 2005; Lari & lacono, 2006; Litma2006; Trannoy, 2006). As a result, tolling
strategies are often classified as regressiveraguitable.

The possibility of reducing congestion on a pattcdacility through the imposition of a toll
raises important questions about how the costdandfits of a particular tolling scheme should
be calculated. If congestion is reduced on the yolled road, it is because some people
choose to alter their behaviour rather than paydheThis change could take several forms: if
the toll varies with time, a driver could choosetriavel at a time when he finds the price more
reasonable; the driver could switch routes anddatize toll altogether; the driver could switch
modes; the driver could choose not to travel atlalbrder to analyse the possible impact of a
toll regime, it is necessary to identify these idigt markets. The identification process
necessarily entails the collection of informatioma@acterizing drivers and their trip-making

behaviour. Relevant attributes include whethernot trips are discretionary, scheduling
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constraints, traveller income and the accessibditalternative routes and modes. These details

are often ignored in the economic evaluation ofirpacing mechanisms.

1.4.3 Equitable Transport as a Geopolitical Problem

In large metropolitan areas, publicly financed raadl transit networks both serve multiple
jurisdictions, each of which is expected to payhars of the required subsidy. In order to
minimize problems of fiscal evasion and economstadtion, it is necessary to evaluate, for each
geopolitical entity (city, municipality and boroughhe costs and benefits it incurs relative to its
financial contribution to the transport system. Amsas of this type are rare in the literature. In
the Greater Montreal Area, travel survey data hHaeen used to measure the road transport
consumption patterns of multiple population grouiiferentiated by socio-demographics and
geography (Essakali, 1999). The observed variabbnconsumption patterns suggests an
infrastructure financing mechanism based on pojuaittributes. The most practical approach
exploits the differences in travel consumption lesw geopolitical entities. A methodological
framework of this sort, based on the detailed imfation contained in the Montreal travel
survey, has been adopted to structure cost shagrngements among the many municipalities
whose residents benefit from intra-regional pubigmsit. Costs per jurisdiction are measured in
terms of passenger-km supplied and benefits areesepted by passenger-km travelled. An
example of the methodology is found in (Chaple&95).

1.4.4 Redistributive effects of a transport network

A defining characteristic of a transportation netikvis the way in which it redistributes costs and
benefits over space and time. A prime example & pghenomenon of urban sprawl and the
hollowing-out of city centres. This phenomenon wveh, at least in part, by the ability of
individuals to avoid paying the high costs of lifethe central city by moving to the low-cost
suburbs. In the suburbs, the benefits of the udggylomeration are still accessible thanks to the
transport network whose costs are borne primasilyhle central city. The quantification of such
effects relies upon an accurate identification rdfastructureusers something which is not
easily accomplished using the traditional four-etagodel. Almost all traffic assignment
platforms offer the possibility of performing a fset link analysis” which outputs the set of
links and link flows which feed a link or set ohlkis chosen by the user. The set of o-d pairs
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which generate the demand for the selected linkésis output. However, important information
describing the demand — particularly trip purpadeparture time and personal and household

attributes — is lost.

In the Montreal context, the application of theatlyt disaggregate approach permits an analysis
of infrastructure clientele along multiple dimensso Chapleau and Morency (2004, 2005)
examined the consumption of space, time and tratetmn resources in an effort to reveal the
economic distortions arising from various transgmticies and evolving societal trends such as
the ageing population and a growing level of autmership. The study reveals that major
transportation facilities (such as the metro sysamua the bridges linking the island to the city’s
suburbs) have distinct usage profiles, particulfmbyn a geopolitical standpoint. For example,

the bridges are used much more frequently by tdfic residents than by Montrealers.

Air pollution is among the important costs redistiied by the road network. Traffic volumes
and speeds are correlated with concentrationsmbsiheric pollutants. Efforts to model this
correlation on the Island of Montreal have been enasing the results of a static traffic model
(Crouse, Goldberg, & Ross, 2009). The resultingredtons of nitrogen dioxide concentrations
are shown in Figure 1.10. The traffic model usexiMontreal travel survey to represent demand
and a complete digitized road network to represepply (Spurr, 2005). A subsequent analysis
compared observed levels of air pollution with gadors of deprivation at the neighbourhood

level and revealed a complex relationship betwhenwo (Crouse, Ross, & Goldberg, 2009).
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Figure 1.10: Nitrous oxide concentrations prediaisthg a static traffic model (Crouse, Ross et
al., 2009)

1.5 Conclusions

The tools and methods employed in the planning wblip road systems have evolved
considerably over the last few decades. Highly &freg representations of urban road systems
are now accompanied by detailed and complex madetglividual vehicles and people. While
the complexity of human behaviour may justify elaie artificial constructs, the algebraic
intricacy of these platforms is a barrier to treargmt (and sometimes honest) discussion
especially once the models are put to use outsideatademic realm. Increasing complexity,
however, is not the primary challenge faced bydpantation planners. In fact, the creation of
new formulae and algorithms is simple comparedhéotask of deriving useful information from
the enormous quantities of data which are incrghgiavailable. An examination of the
academic literature reveals that this challengeyleato become a priority for researchers even
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though private interests are already capitalizing tbe power derived from information

management.

The traditional transport planning paradigm hashesed to analyse questions of equity in all its
forms. Travel behaviour is understood to be thaltesf an economic equilibrium which is
policy-sensitive and much work has been devotedht® development of models which
incorporate various pricing mechanisms. Despitesg¢hefforts, lack of information and
dependence on complicated yet simplistic algebrathods have contributed to the absence of
effective initiatives for reducing traffic congesti limiting urban sprawl and curbing the

consumption of non-renewable energy.
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CHAPTER 2 DEVELOPMENT OF A DISAGGREGATE
INFORMATION-BASED ROAD NETWORK MODEL

By convention, urban traffic models are designedgredict vehicle volumes and congestion
levels on network links. In addition, these modais frequently employed for the estimation of
travel times during periods of peak demand. Thd,gaaprinciple, is to test the effect of a
particular transportation policy on the transpaotatsystem as a whole. Average traffic speeds
and flow rates are the most commonly adopted copSam metrics. From a predictive
modelling perspective, however, it can be argued tthese indicators are of secondary interest
since any changes in speed or flow are an aggregsi#t of a change in travel patterns which
may not be represented explicitly in the modelotimer words, the performance of an element of
road infrastructure is less important than a progentification of its actual and potential users.
The statement is especially true when evaluatinticipe relating to equitable pricing and

financing of transport services.

In the past, technological constraints placed selierits on the ability of traffic modellers to
construct anything other than greatly simplifieddeis of urban road systems. Now that these
constraints have largely disappeared, there inaezsus among the modelling community that
more sophisticated methods should be developedyMérihe proposed new methods were
described in the previous chapter and, while istarg and highly relevant, in many cases their
complexity makes them hard to operate and validaa€tjcularly in situations where data are
scarce. Moreover, the construction of mathemattgdrithms often takes precedence over the
analysis of real information. It is difficult to aluate the applicability of any modelling method
in such a context. Nevertheless, many of the “agande” models incorporate two worthy
principles. The first principle is the notion ofrdcroscopic model where travel is analysed at the
level of individual persons. Such an approach stiffed on the grounds that travel is a human
activity and that each human exists in a uniquerenment. The second worthy principle is the
idea that a transport model should be dynamic. Withsingle day, the urban transportation
system evolves considerably over time and its twauging characteristics should be explicitly
represented since they constitute an importantufeabf the traveller's decision-making

environment.
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The intention of this research project is to depedomodel of an urban road network which is
microscopic and dynamic. Because of the instit@i@ontext in which this research was carried
out, it is convenient and appropriate to note tia microscopic-dynamic paradigm can be
encapsulated within the totally disaggregate apgro® transportation planning. Although

aggregation is usually required to present meanlrrgsults, the analysis invariably begins with
a treatment of the observed behaviour of individwlprecise moments in time and locations in

space.

In the experiments described below, the observdividual behaviour consists of a sample of
the Montreal travel survey for which partial infation on the choice of route has been
collected. This partial information is composeguoédcisely geocoded origins and destinations, as
well as a major road facility (bridge) used to coetg the trip. The goal at the outset is to find
modelling method which can reliably reproduce thesewved facility choices. The more
important objective, however, is to present an erpental methodology for identifying and
characterizing the users of major road infrastmectbased on the treatment of detailed
information. Such a method is a prerequisite fag tjuantitative analysis of equity in road
transport.

The proposed methodology — dubbed information-batisdggregate traffic assignment — is
summarized in Figure 2.1. The left side of the feguontains all the objects which can be fully
described using readily available data. The stedyon is defined as the Greater Montreal Area
which is composed of numerous geopolitical entifeses and boroughs). These entities exist to
the extent that they are populated and partiafigriced by tax-paying households composed of
individuals. Most of these individuals travel and ienportant majority do so by car. Each auto
trip is characterized by an origin, a destinatiod @ sequence of road infrastructure facilities
used to complete the trip. The road facilities whaére the focus of this research are the fifteen
bridges which provide access to the island cityMintreal. Together, all these elements
represent the observed demand for automobile trawe supply of transport consists of all the
road facilities in the region, classified by fumetiand jurisdiction. Note that the characteristics
of supply and demand are time-dependent (dynarbejause of the distribution of traveller

departure times and the evolution of traffic coioas.
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The right side of the figure describes the ar@idonstructs which are the product of a model.
For simulation purposes, an artificial network @nstructed using the concepts of links, nodes
and movements. The simplified representation opsuis associated with the observed demand
using a hypothesis about the route-finding behavadudrivers. This hypothesis forms the core
of the traffic assignment/route choice simulatitigenerates as output itineraries of individual
trips. These simulated paths can be subsequentjse@ated in order to calculate traditional
measures of consumption such as link flow and @aeespeed. These metrics contribute to the
estimation of route choice parameters if an iteeafeedback mechanism is adopted. They also
allow for the quantification and distribution ofetltosts and benefits associated with the current
travel patterns. The assignment of these costsbaneéfits to the geopolitical entities of the
region as well as their constituent households tdobss the analysis of equity which is
discussed in the next chapter.

This chapter proceeds as follows. Section 2.1 pisse brief discussion on the tools used to
complete the research. Section 2.2 describesdg area and provides a brief description of the
15 bridges which are the focus of the researchti®@e2.3.2 discusses the representation of the
regional road transport system. Section 2.4 desgrthe sample of survey data describing the
usage of these bridges. Section 2.5 describesetredapment of two totally disaggregate models

of facility choice. Section 2.6 summarizes the iiings of the experiment.
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INFORMATION-BASED DISAGGREGATE TRAFFIC ASSIGNMENT
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Figure 2.1: Schematic of the proposed model stractu

2.1 “Open-source” Transportation Analysis Tools

If transportation planning is to be consideredug tscience, then an experimental methodology
must be devised for the application of the scientifethod. Field experiments are impractical or
impossible because of the formidable quantitiepadple, equipment and money they would
require. Experimentation in a virtual environmenthe only feasible option. The construction of
a virtual environment in which scientific exploiati (or practical application) can be performed
is not necessarily straightforward. It requires preper installation of software tools and the
efficient management of input and output. It alequires of the modeller a fairly complete
comprehension of the mechanisms by which the to®ls using function. Commercial software

is usually designed in a way which hides its inwerkings. This is done in part to make the
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program “user-friendly” and also to protect proparg information. Over the last several years
however, an exponential reduction in computing £osbmbined with an explosion of

information transmitting capacity has greatly augted the level of analysis that can be
performed for very little monetary expense. Manynpater programs are now “open source”
meaning that their source code can be obtainednamdified free of charge (for details, see

http://www.opensource.org/These tools, while occasionally more limited atifficult to use

than their commercial counterparts, constitute 1y effective method for the preservation and
transmission of knowledge. Although they are desigwith practical considerations in mind,
their pedagogical potential makes them especialyable in an academic context. Moreover,
their combined use often yields an experimentalrenment which is more productive than one

provided by single commercial software.

Of particular interest to urban transportation pkens are geographic information systems (GIS),
statistical software, database management, trat@sjpor simulation packages and transportation
network data. An array of such tools was used énptesent research and they, as well as some

others not directly employed, are presented in@aldl below.

Table 2.1: Open-source transportation analysistool

Type Software URL
Geographic information OpenJump WWW.0openjump.org
systems fGIS www.forestpal.com/fgis.html
DIVA www.diva-gis.org
SAGA www.saga-gis.org
PostGIS http://postgis.refractions.net
QGIS WWW.QQIS.org
Statistical analysis R WWW.r-project.org
Biogeme http://biogeme.epfl.ch
Database management PostgreSQL www.postgresql.org
Transportation planning GeoDA http://geodacenter.asu.edu
CrimeStat www.nedlevine.com/nedlevinel7.htm
TRANSIMS www.transims-opensource.net
MATSIim WWwWw.matsim.org
CiudadSim http://www-roc.inria.fr/metalau/ciudadsim
Transportation network dataa  GEOBASE | www.geobase.ca
OpenStreetMap www.openstreetmap.org
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2.2 Definition of the study area (Greater Montreal)

The Greater Montreal Area (Figure 2.2) is a metlitgoo region covering approximately 10,000
square kilometres and inhabited by roughly 4 millipeople. The region is located at the
confluence of two major waterways: the Ottawa Riaed the St. Lawrence River. The City of
Montreal is an island just east of the point wheese two rivers meet. Immediately to the north
of Montreal is a smaller island which is fully ogied by the suburban city of Laval. The small
river which separates Montreal from Laval is callbé Riviere-des-Prairies. Across the St.
Lawrence from Montreal are a number of municipagitknown collectively as the South Shore.
Beyond Laval and the South Shore are exurban regioown ascouronnes(crowns). The
couronne nordencompasses municipalities to the north of thewtand St. Lawrence rivers.
The couronne suds everything to the south of the Ottawa and ®dhst of the St. Lawrence,

except for the municipalities within the South Shor

The region is served by a road network with a eehtre length of roughly 20,000 kilometres,
1,600 of which are classified as freeways. The moatsvork of the city of Montreal is connected
to the rest of the North American road network Byltidges. Ten of the bridges carry roads
which are easily classified as freeways. Four a$dgarry urban arterial roads. One bridge, the

Jacques-Cartier, is difficult to classify.
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Figure 2.2: The Greater Montreal Area and road agtw

2.3 The regional road network and its representation

The construction of a simulation model of regiotalffic patterns requires a correct faithful
representation of transport supply embodied byrte network. The quality, quantity and
structure of the data used to construct this regmtesion are all important aspects of the
modelling process. The present study is primadiyoerned with the traffic on the major bridges
and so these facilities are described in some Idetethe first sub-section. The second sub-
section describes the data on which the model nm&tisdbased. The third sub-section discusses
the numerous elements which are considered indbdication of the road network of a large

urban area.
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2.3.1 The Major Bridges of Montreal

The geographic layout of the 15 bridges providingess to Montreal is represented by the
simplified graphic shown in Figure 2.3. Each bridggongs to one of 4 screenlines defined by
the network of rivers and lakes along the axishef $t. Lawrence River. The four screenlines
together constitute a cordon around the city of tval. When trips using multiple bridges are
excluded, each screenline becomes largely indeperadethe others. For example, the Laval
screenline will not be crossed by anyone seekiragtess Montreal from the South Shore. There
are some trips, however, where a choice betweenstreenlines is possible. The two bridges
forming the “East” screenline are occasionally ubgdtravellers originating in theouronne
nord, for whom the bridges of the Laval screenline aleo feasible options. Moreover, the
Mercier Bridge (1501) and the two bridges of thesi\&zreenline are all possible alternatives for
a handful of trips originating to the southwesMiintreal. These screenlines and their composite

bridges are examined in some detalil.

2.3.1.1 The Laval Screenline

The Laval screenline runs along the Riviere-desrBsawhich separates the island of Montreal
from the island of Laval. It is composed of sixdg@s. All the bridges of the Laval screenline

carry roads controlled by the provincial (Québexyernment.

Pont Viau (1401): This 1 km-long bridge carries\pngial highway 335 but the functional class
of the road is an urban arterial with two lanesach direction. Access to the bridge at both ends

is controlled by traffic signals.

Pont Papineau (1402): The Montreal end of thisgarid a terminal point of Autoroute 19 which
is a short freeway running north-south through LaV&e bridge carries three lanes in each
direction over a distance of 1.2 km. A traffic sijgontrols access at the Montreal end.

Pont Pie-1X (1403): This bridge, roughly 1 km imdgh, is the easternmost facility in the Laval
screenline and, like the Pont Papineau, it caraiesix-lane freeway (Autoroute 25) which
terminates at the Montreal end. The freeway reswarfess kilometres to the east and runs to the
Lafontaine Tunnel (1304).
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The Pont Lachapelle (1404), 1.1 km long, is simila@ Pont Viau. It carries a provincial
highway (Rte 117) but the road is in fact an aadewith three lanes in each direction. Traffic

signals control access at both ends of the bridge.

The Pont Médéric-Martin (1405) carries the veryybusurentian Autoroute (A-15) which
begins about 150 km north of Montreal and servesynsburban communities. At the point

where it crosses the bridge, the freeway has tmed per direction. The bridge spans 1.5 km.

The Pont Louis-Bisson (1406) is 1.3 km long andiearAutoroute 13 which runs parallel to the
A-15 between Montreal and a point just north of &laAt this location, the freeway has 4 lanes

going north and 3 lanes going south.

2.3.1.2 The South Shore screenline

The South Shore screenline is defined by the Strémce River and seaway which separates the
Island of Montreal from the Québec mainland. Neasnlieal, the width of this watercourse
varies between a few hundred metres and sevemhétres. Five crossings have been built at
some of the narrower passages. By Canadian lawy@at bridge which passes over the St.
Lawrence Seaway shipping lane falls under the digi®n of the federal government (the
government of Canada). The Champlain, Mercier aamjues-Cartier bridges are all in this
category. Although the Victoria Bridge is owned aogerated by the Canadian National
Railway, maintenance of the road portion of theldpeiis reimbursed by the federal governrhent
The Lafontaine Tunnel runs underneath the seawdysannder the jurisdiction of the province

of Québec.

The Pont Champlain (1301): According to the MTQ&efvay numbering system, this extremely
busy bridge carries three freeways: the A-10, thE5Aand the A-20. Physically, it is a six lane

freeway facility spanning 4.5 km with large inteadlges at both ends. During peak periods, one

! Public Works and Government Services Canada atghocode A411 (http://www.tpsgc-
pwgsc.gc.ca/recgen/pceaf-gwcoa/0809/txt/rg-5-codie-1-11-a-a2-a41-a411-eng.html):

This statutory authority (pursuant to Vote 107, Aggpiation Act #5, 1963) provides for
expenditures related to the Victoria Bridge for pents to CN Rail for loss of toll revenue and

for rehabilitation work on the roadway portion diet bridge.
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of the lanes is reserved for public transit buségckv run against the flow of traffic. At such
times, therefore, the bridge carries 2 lanes inrtbe-peak direction and 3 lanes in the peak

direction.

The Pont Victoria (1302) is a 3.9 km-long railwaydge constructed in the $%entury. Two
automobile lanes were added several decades &ftevmpletion. During regular operation, each
lane serves a different direction. During peak qusj however, both lanes flow in the direction
of prevailing traffic. This means that both lanésnaf inbound to Montreal during the morning
rush hour. The Victoria Bridge carries provinciaute 112 which is best classified as an urban

arterial. Traffic signals control access to thalbe at both ends.

The Pont Jacques-Cartier (1303) spans 3.1 km amdpeculiar species of bridge. It carries
provincial Route 134 which is a signalized artercedd through most of its length within Greater
Montreal. However, for a few kilometres on the $o8hore leading to the bridge, it is a divided
freeway with limited access and no traffic lighthe bridge is directly connected to another
freeway (the A-20/132) at its South Shore end. Mumntreal end is linked to the dense and
congested arterial road network of the downtowrec@n the bridge itself, Route 134 consists
of five lanes with no physical separation betweerations. The middle lane is reversible so,
like the Champlain Bridge, the Jacques-Cartiertheee lanes flowing in the peak direction and
two in the non-peak direction. In addition to lingi the South Shore with Montreal, it also

provides access to and from an island which segmthe seaway from the St. Lawrence River.

The easternmost facility in the South Shore scheemn$ the Hippolyte-Lafontaine Tunnel (1304)
which carries Autoroute 25 over a distance of rdyghkm. Because it passes underneath the

seaway, it is the sole responsibility of the praiahgovernment.

The Pont Mercier (1501) is also 3 km-long and eartivo lanes of traffic in each direction. The
road itself is provincial route 138 which is a fnegy on the Montreal side of the bridge but
becomes a multilane highway on the South Shore.urban development at the South Shore
end of the bridge is sparse meaning that the apprmathe bridge is normally free of congestion

effects, apart from those caused by the bridgé.itse
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The Pont lle-aux-Tourtes (1504) is a six lane fr@gviacility carrying Autoroute 40 over a

distance of 4.2 km. The freeway extends hundredg&ilometres from the bridge in either
direction. The nearby Pont Galipeault (1503) alaoies a six-lane freeway (Autoroute 20) but

the road becomes a signalized urban boulevardqusie west of the bridge, which has a length

of approximately 800 m. Both these bridges aregdsponsibility of the provincial government.

2.3.1.4 The East Screenline

The Pont Charles-de-Gaulle (1602) carries theamed of Autoroute 40 over a distance of 2.3
km. It runs parallel to the Pont Le Gardeur (16@hjch carries a four-lane signalized urban

arterial (provincial route 138) and spans almokitr2 Both these bridges are the property of the

provincial government.

Bridge Name

1301
1302
1303

1501
1401
1402
1403
1404
1405
1406
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1303 1601
1302 1602
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Jacques-Cartier
Lafontaine
Mercier
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Pie-IX
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Médéric-Martin
Louis-Bisson
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Le Gardeur
Charles-de-Gaulle

1301

South Shore

Figure 2.3: The major bridges of Montreal and asded screenlines.
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2.3.2 Network data

The fifteen major bridges constitute important comgnts of the regional road network. The
usage patterns of the bridges are influenced byactexistics of the larger network which must

therefore be represented in a model of bridge ehoic

One of the greatest challenges facing urban trategpmn modellers is the appropriate coding of
networks. The coding of large urban road networ&s traditionally been done by hand and,
even in greatly simplified representations, it naliyn requires hundreds of person-hours to
complete. The accuracy of the work is difficulteealuate systematically. These problems have
become even more acute with advent of sophisticatedlorms which require an enormous
guantity of detail such as traffic signal planspmbnation schemes and lane geometries in their

representations of transport supply.

Ideally, networks would be coded automatically.héligh such a procedure was impossible in
the past, automated methods are becoming incrépsiegsible due to the development of
geographic perception tools. Satellite photos andehicle GPS permit the rapid collection of
large amounts of digitized information which debes the existing infrastructure. Numerous
software platforms can convert geographic datati{a shapefile format, for example) into a

logistic network which is usable for transportateimulation purposes.

While the incorporation of geometry can be madéeeasing automated methods, incorporating
the connectivity of network elements is more compl@ne-way streets and turn prohibitions
must be included, respectively, as link and nodebates. Such information must either be
inventoried by the institution responsible for thdrastructure or collected through on-site
observation. Many of the corporations involved iapping adopt the latter approach in the

absence of governmental collaboration.

Digitized networks for the purposes of traffic @ssnent are most often simplified
representations of real networks since the roladl roads is too minor to be of interest in a
long-term forecasting exercise. It is importanhtde, however, that the local network represents
the vast majority of lane kilometres in any urbamaa Moreover, detailed representations of
urban road networks are now easily obtainable. Etgy obviate the need for arbitrary artificial

constructs such as centroid connectors. In keepitig Herbert Simon’s principle that it is the
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complexities in the environment that make humanabielur difficult to predict and since the

necessary means exist, the detail in the netwaricladed in the work presented below.

Two networks coded from independent sources wepeogpated for this research project. The
first was developed internally at Ecole Polytecleigie Montréal. It is hereafter referred to as
the Poly network. It contains 509 005 unidirectioliraks. This figure is much larger than the
number of distinct road segments because a newidirdkawn for each change in the road
centreline trajectory. The second network was preduby the Canadian Ministry of Natural
Resources and is available free of charge on-linenav.geobase.carhis network is referred to
as the GEOBASE network and is composed of 116 5@irebtional links. Neither of these

networks contains information on lane geometryatiml systems. These elements are essential

for the microsimulation of traffic.

Both the Poly and GEOBASE networks have a hieraathstructure (Table 2.2). Although
comparisons between the two databases are easdg,naacomparison with reality is more
difficult since the levels of hierarchy in the reatwork are hard to distinguish using purely
technical criteria. Despite completely independendification methods and slightly different
geographical coverage, the two databases are faigistent with each other. The largest
differences are apparent in the length of the iaftand collector networks. The discrepancy is to
be expected since a formal method for distinguggtbetween these two road classes remains
elusive. Regardless, the combined arterial ancectli networks are around 7000 km long in

both networks.

Table 2.2: Hierarchical composition of two independ model road networks for Greater

Montreal.

Centreline kilometres
Link class POLY GEOBASE
FREEWAY 1615 1240
RAMP 692 812
ARTERIAL 5023 1446
COLLECTOR| 2079 4853
LOCAL 11639 10354
NON-AUTO 27
TOTAL 21047 18732
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In addition to functional classes, the GEOBASE metkncontains route numbers assigned by the

provincial government to roads within its jurisdict. The route number attribute permits the

identification of provincially-owned infrastructurdJsing GIS tools, this information was

transferred from the GEOBASE network to a simptifieersion of the Poly network using

TRANSIMS module designed for that purpose. Linkesfse under free-flow conditions were

assumed to be equal to the posted speed limit.dSlieés were imputed according to link

functional class and, in specific locations, byifietion using Google Streetview. The end

result of this processing is summarized in TabB describes the functional and jurisdictional

hierarchies within the regional road network.

Table 2.3: Functional class composition of juritidical networks

Jurisdicti Functional Speed  Number Length Network
urisdiction A . . .
class limit of links (directional km)  composition

FREEWAY 70 4 11 0.0%

FEDERAL ARTERIAL 50 4 8 0.0%
8 19 0.1%

70 198 131 0.3%

FREEWAY 80 13 9 0.0%

100 998 1465 3.9%

RAMP 50 1822 591 1.6%

PROVINCIAL 50 12 6 0.0%
ARTERIAL 60 4702 2375 6.4%

70 8 8 0.0%

COLLECTOR 50 395 222 0.6%

8148 4805 12.8%

RAMP 50 721 172 0.5%

ARTERIAL 60 12836 6920 18.5%
MUNICIPAL COLLECTOR 50 8678 3820 10.2%
LOCAL 40 71978 21664 57.9%

94213 32576 87.1%

ALL 102369 37400 100%

2.3.3 Considerations in the codification of simulation nevorks

A civil engineer considers a road network from ggatal perspective: as a collection structures,

earthworks and other technological interventiora #ilow for the safe and organized movement

of traffic. A driver, on the other hand, considéne road network as some artificial cognitive

structure such as a sequence of instructions omaliBed map. In order to construct a
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meaningful model of automobile traffic, both phydicand artificial conceptions must be

considered.

2.3.3.1 An atrtificial hierarchical network for modelling dr iver behaviour

The available data make definitive statements ablouér perceptions difficult. Since a detailed

discussion of human cognition is beyond the scopéhis research, the construction of an
artificial road network is based on a simple buteddable hypothesis concerning the way
drivers imagine the network. It can be safely dssethat very few drivers have complete
knowledge of the network of a large city. A longw resident, however, will certainly be

familiar with most of the freeways, the principahbels and bridges, and many of the major
roads. His knowledge of local roads is limited totp of the network that he uses regularly. A

hierarchical structure therefore suggests itsehéoartificial network.

This approach is not new. It is commonly adoptechodels of public transit networks because
public transit systems have an explicit hierardhgteucture whose levels are defined by the
rapidity and/or capacity of the services offered.tle lowest level is a network of pedestrian
facilities consisting of sidewalks, tunnels and kmalys which provide access to the public
transit service. Higher-level services come in maasieties ranging from the local bus to the
express train and many variants in between. Themvidence to support the hypothesis that
travellers choose paths which maximize the poribthhe journey (measured in distance or time)
spent on the most superior network possible. MoWam one level in the hierarchy to another
usually involves a penalty measurable in time oneyoor both. Penalties are also incurred for
transferring between lines within the same lever (& detailed discussion of hierarchy in

transport networks, see van Nes, 2002).

In the present experiment, an analogous approaatiojgted for auto travel (Figure 2.4). Drivers
do not make long journeys using the local netwauk tend instead to seek out the superior
network. They adopt this behaviour because tramethe superior network is more enjoyable
and because their knowledge of the superior netwerids to be more complete. In the
conceptual model developed here, therefore, eatdmalbile trip is subdivided into “access”,
“line” and “egress” components. The access andssgremponents are undertaken on the local
road network while the line portion consists of thajor roads and freeways which form the

superior network. The analogy can be extended durth the application of Montreal travel
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survey data. Public transit users indicate whick daumetro lines they used to complete their trip
and drivers are asked which bridge and freeway tise. In both the transit and road cases, the

line information can be used to validate a simalatnethodology (see section 2.4).

Public transit

Bus stop on foot v‘
-
/'O Metro station 7S~ o
Metro line
Origin ‘
. . Egress
Access Heavy infrastructure (line) gt K
Automobile Bridge
Accesspoint Localroads

Freeway r==-

Freeway 1 Destination

Localroads
-y

._ _' Access point - ‘
Figure 2.4: Conceptual route choice model basetth@public transit network representation

This approach can be partially justified by thet that a hierarchy does exist in the road network
even if it is less rigidly defined than in the ts#gmetwork. In Québec, as in other jurisdictions,
the freeway system is subject to formal methodla$sification which is illustrated in Figure
2.5. All North American freeway systems use simileonventions. Each freeway is a
bidirectional facility with defined start and endipt and each is assigned a number and a name.
Within the Montreal area, a freeway with one num&em change names several times and the
name changes often have significant functional icapbns. For instance, the Laurentian
Autoroute and the Décarie Expressway are both Auter15. The former is a suburban and
rural freeway at ground level while the latter runsa trench through the central city. Each
functionally distinct freeway section is equivaldot a single line in a transit network. The
distance from the start of the freeway (chainageheasured in kilometres and each kilometre is
marked by roadside signage. The chainage is usedetdify exits but not entrances. The

collection of entrances and exits which link mu#igfacilities (lines) with each other are
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interchanges and are equivalent to transit stationigoth the road and transit cases, the transfer

between lines at stations is associated with aifspaopedance.

START Number Interchange END
i Name o 1
:4— L / Direction 2 1
1 Autoroute des cantons de I'est> ‘ 1
: \ . 4 Direction 1 »=
1 1

Chainage

|
LINE

Figure 2.5: The structure of the Québec freeway ok

From a modelling perspective, the adoption of tieeanchical approach has three requirements.
First, each level in the network hierarchy mustlbéned; second, the relevant characteristics of
each level in the hierarchy must be identified godntified; third, the importance of penalties

associated with the transfer between levels andvdest lines must be assessed. These

requirements are discussed in the next three ssctio

2.3.3.2 Hierarchy of the physical infrastructure

The definition of the hierarchical structure is &h®on the physical structure of the network. As
discussed in the Highway Capacity Manual, the camepts of the physical network can be
classified using the paired concepts of mobilitgd aecessibility. Some facilities are designed to
provide maximum mobility, others provide maximalcessibility, and still others provide a
combination of both. The distinction is importanttwo respects. First, the configuration of the
network composed of mobility-maximizing facilitideas a very strong influence on the route
choice of drivers. Second, it is the mobility-maximg facilities which generate the most
important redistributive effects. In both case§astructure designed only to provide access is of
secondary interest. Indeed, most traffic modelsesgnting large urban areas neglect the local
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road system entirely. Consequently, the constronatioa road network model requires a method
for determining which roads should be includedhia tmodel and which can be safely ignored.
This requirement is well-recognized in practice.usdty important, however, is the proper

representation of the major infrastructure teamcluded in the model.

Urban road networks are composed of a wide vaoétypad types, most commonly classified
according to the functional designations of freemayerial, collector or local. Each functional
class is defined by its physical characteristiod associated road geometry. The design criteria
for road facilities are based on the mobility-asteiity dichotomy. Facilities which exist solely
to provide access are driveways, local roads ampsaEach type of access facility is associated
with a network of limited regional connectivity mmeiag that the completion of a non-local trip is
impossible or highly undesirable. For example, mp of significant length can be completed
using only driveways or only ramps. In some cagds, possible to travel exclusively on local

roads but there almost always exists a fastemaitive.

Facilities which exist solely to provide mobilityeathe highways and freeways. These facilities
form networks of limited local connectivity. Thiseans that travel within a small sub-region is
impractical. However, the limited local connectyvis the result of a road geometry which
controls access and reduces interaction with aiimfy traffic. This design allows for high-speed

travel.

Arterial and collector roads are generally mordidift to categorize since they provide both

access and mobility. Bridges, on the other hargl easily qualified as mobility infrastructure

since they cannot provide access. By definitionbriaige is something that connects two
locations separated from each other by some olestatle obstacle can be river, a railway,
another road or a neighbourhood but in all caseshiidge does not provide access to the
obstacle.

2.3.3.3 Characteristics of the road hierarchy levels

In transit assignment models, the choice of linsagquence of lines is determined by attributes
of the lines themselves as well as access andéracizaracteristics. Line characteristics include
comfort, speed and monetary cost. Access, usuedigraplished on foot, is considered as a time

or distance to be minimized. Transfers may be extatlibased on wait times between vehicles
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but also based on the amount of walking that isiireqd to make the connection. Central to this
model is the concept of impedance or generalizest wdich places a weight on different
portions of the journey. For example, time speniting for a transit vehicle has greater
impedance than the time spent in the vehicle itself

Clear parallels can be drawn with a road netwote ines (major bridges or tunnels, freeways,
arterials) can be characterized using the manybattrs described in the Highway Capacity
Manual, notably the speed limit, the number of fartee presence of parking and transit stops,
the density of signalized intersections and thee®gf coordination between signals. Access is
the component of the trip accomplished on the loedlvork which consists of low-speed, low-
capacity roads. In the road context, transfers fpecmovements at junctions. Some movements
have higher impedance than others. For exampletulefs, which must be made during gaps in
the oncoming traffic stream, usually require mangetand attention than right turns. Similarly,
turning movements at an intersection are more ddmgrthan merges and diverges at freeway

interchanges. These notions are worth discussidetiil.

2.3.3.3.1 Heavy road infrastructure: bridges and freeways

Mobility-providing freeways and bridges are theusf the current study. These facilities are
sometimes described as “heavy” infrastructure sihey play a determining role in regional
travel patterns. They also constitute major publictks which are almost always associated with
a national, as opposed to a regional or municgmatlernment. The term “heavy” when applied to
transportation infrastructure refers to facilitigsich carry large volumes at high speeds. Within
the realm of terrestrial transport, high vehicléuwmoes and speeds are only possible if the vehicle
stream is physically protected from conflictingestms. The physical isolation of conflicting

streams is accomplished through grade separation.

Grade separation has important implications fovedribehaviour and the distribution of costs
and benefits of travel. The minimization of conflmoints and the uninterrupted flow regime
make heavy road infrastructure especially attractovdrivers. The high average speeds reduce
the time spent travelling and the lack of sharpduas well as minimal braking and accelerating
make the driving experience easier. However, thdica separation between conflicting
movements and the imperative of continuous flowth@major facility require the construction

of additional roads which serve only to connectriagor facility to the rest of the network. As a
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result, heavy infrastructure can consume a coraldieramount of land surface, depending on
the particular method used for the grade separatioraddition, the grade separation often
removes the road surface from the plane of theogading environment. This discontinuity in
the urban fabric results either in a trench or lewaged freeway. A trench usually constitutes a
physical barrier which reduces the continuity andrectivity of the local and arterial networks.
An elevated structure may preserve the surrounblinij environment and road network but its
utilitarian appearance and purely structural fumttmakes it unwelcome in most communities.
For these reasons, the distinction between graoerased and at-grade intersections must be

adequately represented in a traffic model.

A study of the freeway network in Greater Montreateals a variety of approaches to grade
separation. The most desirable and, due to itsilptofe cost, most uncommon approach is the
tunnel. The only major instance in the Montrealaar® the Ville-Marie Expressway passing
under downtown Montreal. The tunnel removes akrnattion of the major infrastructure with
the local environment. The infrastructure itselh@ visible, and the noise and gases generated

by the traffic stream are contained and controlled.

The Décarie Expressway is Montreal’s only trenaedvay. This facility cuts through a highly

urbanized area of the central city. Although tladfic lanes are hidden from view (except in the
immediate vicinity of the trench), the local roaetwork is severely disrupted and there is no
barrier to protect the surrounding neighbourhoaodsfthe associated noise and air pollution.
Moreover, freeway access and egress are provideddayvice road whose lanes run parallel to

and on both sides of the trench. These lanes eteadl other roads at grade.

The Metropolitain Autoroute (Autoroute 40) is ae\ated freeway located in a highly urbanized
environment. While the elevated structure separdwegraffic lanes from the land surface, the
structure itself is built in such a way that thestnof the land surface underneath it is unusable.
From a land-use perspective, it is exactly equiviale an at-grade freeway. As with the Décarie
Expressway, the Métroplitaine is also accessed\sarvice road which runs at grade on either
side of the freeway. The large distance betweentwloedirections of the service road makes
unsignalized intersections impractical. As a resthié facility reduces the connectivity of the

local road network.
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For modelling purposes, these facilities must bearatierized according to quantifiable

attributes. In analyses of road transport, the ntostmonly considered attribute of the built

infrastructure is its degree of congestion. Userdyium models represent congestion as a high
marginal cost of travel on a particular link. Tlakvated marginal cost causes increments of
flow to be assigned to less congested links elsesvimethe network. From the perspective of a
driver, congestion is experienced as a low trapeked and a restriction on movement (spacing
and lane-changing). Intuitively, a highly congedied or corridor is a less attractive choice than
a line or corridor which is uncongested. The faett ttongestion does occur, however, indicates
that many drivers choose routes even though theyhaavily congested. This suggests that
drivers may be captive to particular facilities amhsequently that traffic congestion alone plays
a less important role in the choice of route thargenerally believed. This assertion will be

tested in the modelling exercise which follows.

Other potentially important line attributes inclutee free-flow speed, the capacity, and the
functional class of the line itself. All these pbemena can be incorporated into a line structure
by identifying and ordering the complete sequericknks which form the line. An example is
shown in Figure 2.6. The figure is based on outparh a conventional static traffic assignment
modef and illustrates the variation of certain attritsuté Autoroute 40 over the section known
as the Métropolitaine Expressway. The attributetuote a simulated average traffic speed, the
specified free-flow speed, the maximum hourly floate, the traffic volume for the simulation
period and the road capacity. The graphic provgdese idea of the experience of a driver using

this particular facility.

2 Modele de transport de la région de Montréal 200®@TREM 2003), Service de modélisation des systédees
transport, Québec Ministry of Transport. A thoroudgscription of this elaborate regional transpoddeiling

framework can be found in (Tremblay, 2007) and at:

http://www.mtqg.gouv.gc.ca/portal/page/portal/miarg/ministere/recherche_innovation/modelisationtesges tra

nsport
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Figure 2.6: The simulated line profile of the Métotitaine Expressway (Autoroute 40)

2.3.3.3.2 Urban infrastructure: collector and arterial roads

Conflicting flows on urban streets are separategpteally, rather than physically, using traffic
signals. The average speed at which traffic movesgaan arterial corridor depends on two
parameters of the traffic light system: the graemetallotted to the corridor and the degree of
synchronization. In Montreal, traffic signals aneshronized using coordination networks. A
road which passes through multiple networks hastiphell coordination schemes which are
unlikely to be synchronized with each other. Thembar of networks encountered could

therefore be a proxy indicator of the average spéddffic along the corridor. A portion of the

Montreal street grid and the signal coordinatiotweks is shown in Figure 2.7.

84
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Figure 2.7: Traffic signal coordination networkshitontreal

These considerations are further complicated byttmamic nature of travel demand. The level-
of-service on an urban road network is generaliphér at 4 a.m. than at 4 p.m. Here it is
possible to draw another parallel with public titsgstems: road networks follow a schedule,
even if it is not centrally planned. Road netwozkedules are most notably different from public
transit schedules in that they offer poorer sendcmlity at periods of peak demand. The
challenge is to assemble and analyse data whicksept this temporal evolution and, not at all
coincidentally, an estimation of the road netwockedule can be obtained with the help of the

public transit system.

The performance of the Montreal road network hanbwonitored for many years by the public
transit agency which has an interest in develogmggd estimates of road travel times at different
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time periods in order to plan its bus service. Tasults of this historical compilation are
available to the general public in the form of chedules. A synthesis of the published
schedules can reveal the variation in average nktspeeds over a specified time interval.
Figure 2.8 shows the evolution of average bus speadhree lines over the course of a typical
day based on the published schedule informatiois. ¢lear that the buses travel more slowly
during the p.m. peak period (15h30-18h30) thanmdutthe evening (18h30-1h).
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Figure 2.8: The evolution of average commercialegpé&m/h) on three bus lines based on
published bus schedules.
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The compilation of data for a single line (Figur®)2shows the detailed variations of speed on
the network over the course of an average day.pBinicular corridor defined by this bus route
has a maximum average speed of about twenty kil@s@n hour which is achieved very early
in the morning. During the day, average speed dto@sound 13 km/h and increases above 15
km/h in the evening. There is little differenceweén the speed profiles of the westbound and
eastbound runs. It is not clear how much of thedpariation is attributable to traffic conditions

and how much is due to the number of boardingsadigtitings at bus stops.
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Figure 2.9: Variation in average travel speedlier31 Edouard-Montpetit bus line

In addition to using planned service informatioh,is possible, with considerably more

computational effort, to compile and synthesize ldrge quantities of data generated by GPS-
equipped public transit vehicles. For about fivarge all of the Montreal transit agency’s para-
transit vehicles were equipped with GPS units whietorded their trajectories. The collected

data, consisting of thousands of routes and malioh points, has been successfully used to
measure congestion levels on the road network. péing-transit vehicles are better traffic probes
than city buses because they are smaller in sidehay follow variable itineraries between pre-

planned locations, much like private cars. An exiengb the results of the analysis is shown in
Figure 2.10 (taken from (Allard & Grondines, 2007his work was used to estimate congested
travel times on network links which comprise thdyPaetwork. These travel times have been

incorporated into some of the facility choice madaéscribed below.
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Figure 2.10 : Spatial variation of traffic speedsoas the island of Montreal during the morning
peak period (Allard & Grondines, 2007).

2.3.3.4 Characteristics of transfer points

In addition to the characteristics of each levelthe network hierarchy, the facilities which
permit a transfer from one level to another are algportant. The transfer from a local road to
an arterial or collector road is accomplished tigtoan at grade intersection controlled either by
signals or signs. There exists a wide-variety edrate intersections subject to evaluation based
on safety and convenience. While a detailed stidhese facilities is relevant to the planning
and modelling of urban roads, it is less imporiardn analysis of heavy infrastructure (bridges
and freeways). The characterisation of transfemtgois therefore constrained to transfers

between the urban network and the freeway network.

The constraints on the consumption of space inrbaruenvironment influence the design of
freeway access points. The typical freeway intangea configuration is based on the
“cloverleaf’ design which allows access from andhe freeway without stop signs or traffic
signals (Figure 2.11). A similar conception is theectional” interchange (Figure 2.12) whose
ramps have much larger curvature radii but thewiregmerges to and diverges from the left
lane. In urban areas generally, designs which cordess space are preferred. In the particular
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case of Montreal, the two most common alternatasesthe “roundabout” and the “diamond”.
The “roundabout” (Figure 2.13) is constructed usragps having a small curvature radius
where they intersect with the non-freeway road. hba-freeway road itself follows a semi-
circular horizontal curve to minimize the angle infersection with the access ramps. This
configuration does not necessarily obviate the rieetiaffic signals. The diamond (Figure 2.14)
is characterized by simple ramps which are comtdolly traffic signals at the junctions with the
non-freeway road. The operation of “diamond” andufrdabout” interchanges is often
facilitated by service roads which run parallethe freeway lanes. The service roads intersect
access ramps and the arterial (and even local) neadorks at ground-level. They are often
signalized.

At-grade intersection
Freeway

Arterial service road
Intersecting road
Freeway exit
Freeway entrance

Figure 2.11: A cloverleaf interchange (photo froraps.google.ga
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Figure 2.13: A roundabout interchange (photo froaps.google.ga
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Figure 2.14: A diamond interchange (photo froraps.google.ga

Each facility type results in a different experierfor a given driver. While a perfect cloverleaf
interchange allows for an almost effortless transietween the urban and freeway networks,
some of the atypical designs require greater cdretgan and manoeuvring skill. It seems likely
that drivers, depending on their personality artctuaes, will prefer certain interchanges to
others if they have a choice. Although the implmas for route choice are potentially
significant, little is known about the costs or iedances that drivers associate with particular

interchanges.

2.3.3.5 Implications for network codification

The important attributes of a particular facilieanot always well-represented in traffic models.
Road functional class (an attribute not alwaysudet in traffic modelling software) provides an
indication of which roads are designed for acceskwhich are designed for mobility but the
distinction must have some quantitative expressidhe model. For example, the posted speed
limit on Montréal’'s Métropolitaine Expressway is Kh/h. The posted speed limit on Papineau
Ave. is also 70 km/h. Both have six lanes. AltHouge former facility is a freeway and the

latter facility is an arterial road, the only fuiwetal difference between them is the amount and
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type of access they provide. The Métropolitainenl accessible by ramps located at distances

of one or two kilometres. Papineau is accessedthyia roads at signalized intersection.

Note that in a static traffic model it is imposgbito find an observed variable that will
distinguish the two facilities. Traffic signals aret represented and intersection geometry has no
impact at all on link performance. Figure 2.6 shamsexample of a case where the distinct
appeal of a freeway to drivers is captured by e-flew speed (100 or 109 km/h) which is much
greater than the posted speed limit (70 km/h). Aeobption is to arbitrarily specify different
volume-delay functions for each facility. A dynami@affic model does incorporate traffic
signals and lane geometry but the specific effettthese elements on driver behaviour are not
always known. For example, if the traffic lightsegserfectly coordinated on Papineau, will a
driver adopt behaviour identical to that which lepts on the Métropolitaine? Do drivers prefer
to access a facility using a ramp or a signal? same ramp configurations preferable to others?
These questions imply that some effort should hete to representing the geometry of built

infrastructure in a realistic way.

2.4 Exploratory analysis of declared partial path information

The 2003 Montreal travel survey contacted 71,4Q8s8bolds by telephone and questioned each
respondent about the trips made by all householdbees on the day prior to the interview. The
survey was conducted over four and a half months fthe beginning of September, 2003 until
the third week of January, 2004. The expectatiothas the collected data can be combined to
give a representative image of travel patternsha Greater Montreal Area during a typical
autumn weekday. Daily interviews are conducted naigas of prevailing network conditions on
the previous day This means that non-recurrent events such asaloadres and accidents are
included in the survey responses. Although thesmtsvrepresent a disruption of the assumed
equilibrium state in which the road network exiskgir inclusion can be defended based on the
belief that the equilibrium is the aggregate resiih “steady-state” system (Holden, 1989). And

while specific incidents are certainly deviationmsnm the “average”, unpredictable events in

% An important exception was the transit strike afumn 2003 when the interview schedule was consetyue

adjusted.
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general are a daily occurrence on a busy urban meadork and can therefore be considered
within the distribution of possible outcomes. Ore thther hand, in-depth study of drivers’
responses to unpredictable road network disruptiomdd reveal additional aspects of the route-
selection process.

The complete database of the 2003 travel surveygritbes 366,300 trips. Each trip record
contains information on the purpose of the trigg tteparture time, the mode of transport, the
origin and the destination. The age and gendeadt ¢raveller is recorded, as well as attributes
of the household such as the number of membersh@ndumber of vehicles. For trips made by
public transit, the bus and metro lines employesl aso recorded. An established procedure
exists to validate this information. Auto-driversi@ge trips implied the use of one or two of the
15 major bridges were asked which bridge they chblse responses constitute a cross-sectional
sample of revealed preference for heavy road imfremire facilities. They also constitute
information which partially describes chosen routakhough a definitive methodology for
evaluating these responses has yet to be defitestefbre, the first stage of the analysis is an
evaluation of the coherence and validity of thi®imation for the purposes of regional traffic
simulation. The validation process requires thenttedn of transport objects and the relations

between them, developed using the logic of prieatemobile travel.
2.4.1 Definition of terms and relations

2.4.1.1 Trip

The definition of a trip is the movement from or@nt to another of a single person for a single
purpose. All the trips in this study are complebydauto-drivers. Trips are discrete gquantities

represented by whole numbers. It is not possibfgetéorm a fraction of a trip.

2.4.1.2 Origin

The origin is the location of the traveller at theoment he begins his trip. It is also the
destination of the previous trip. In the preserglgsis it is defined by a coordinate representing a

point on the surface of the Earth.
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2.4.1.3 Destination

The destination is the location where the travedlggages in the activity which was the purpose
of the trip. In the traditional four-stage modehetorigin and destination points are zone
centroids. In the totally disaggregate paradigray ttan be any point in space.

2.4.1.4 Facilities

Facilities are the elements of road infrastructiged in the completion of the trip. These include
driveways, urban streets, freeways, bridges, tsnmamps and intersections. The representation
of facilities in a traffic model is determined biyet network coding method. By convention all
facilities are represented either as links or nadethe model. Facilities represented by links
have entrance and exit points, defined accordintpeadirection of traffic on the facility. In the

present analysis, the primary facility of interissthe major bridge.

2.4.1.5 Direction

Because the major bridges of Montreal are netwaotkidnecks, they are subject to congestion,
especially in the prevailing direction of travelnaend. Thus the characteristics of a bridge in one
direction may be different from its characteristiosthe other direction. This difference is

especially important during the peak periods. Is tontext, the most meaningful designation of

directions is “inbound” or “outbound” relative thd island of Montreal.

2.4.1.6 Path

A path is a chronologically-ordered sequence ofilifes used by a single trip. In a
transportation model, each facility is representgda link or, less commonly, a node. It is
generally safer to describe paths using links sarobiguity can arise in cases where two links

share the same start and end nodes.

2.4.2 Survey responses

This research aims to discuss paths in the comexbformation described by a revealed-
preference survey. The respondent declares thigiinptheir destination and the major bridge
they used to complete their trip. The directiorirafel is inferred from the location of the origin
and destination of a particular trip relative te flocation of the bridge. At the outset, then, the
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declared path information gartial and consists of a sequence of just 4 points: tlggno the

bridge entrance, the bridge exit, the destination.

The island of Montreal is connected to the mainlemad network by 15 bridges. Since all but
one of these bridges are bi-directional, they regme29 choice alternatives although the regional
geography ensures that the choice set (for artriplving exactly one bridge) will never contain
more than 8 options. Table 2.4 is a summary dbradlge declarations in the 2003 travel survey.
The bridge volumes in the table are calculatethestim of the expansion factors of all observed
trips. The expansion factor for a given trip isccddited based on the demographic characteristics
of the traveller. Each age-sex cohort is weightedoaling to the demographic distribution
observed in the 2001 national census. Althoughrésponses have not been validated, the
resulting traffic volume estimates are generallggstent with common knowledge of Montreal
bridge infrastructure with the Laval and South &hscreenlines being the busiest. The bridges

carrying freeways experience higher volumes tharbtidges which carry smaller roads.
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Table 2.4: Bridge volumes derived from the declaret of the 2003 travel survey

Declared bridge Period
Name Number | Screenline g'\gozegcl)() (1F;':I\é|(.)—|:’i%?3|’(0) Off-peak | TOTAL

Champlain 1301 16861 17070 31406 65338
Victoria 1302 6841 6629 8731 22202
Jacques-Cartier 1303| South Shore 17641 18066 30120 658P7
L.-H.-Lafontaine 1304 16057 17946 27797 61799
Mercier 1501 11018 12064 20743 43825
Galipeault 1503 West 5982 6471 8981 21434
Tle-aux-Tourtes 1504 12133 12280 18093 42506
Viau 1401 13282 13125 18067 44474
Papineau 1402 5427 5316 6608 17352
Pie-I1X 1403 Laval 23086 23698 37688 84472
Lachapelle 1404 20628 21139 32907 74614
Médéric-Martin 1405 6911 6765 9587 23263
Louis-Bisson 1406 8689 9251 11361 29301
Le Gardeur 1601 East 3963 4460 4567 12990
Charles-de-Gaulle 1602 14875 14196 23031 52102

TOTAL 183395 188476 289687 661559

The distribution of this surveyed demand by timeda§, screenline and direction is shown in
Figure 2.15. The figure also illustrates the reswt bridge traffic counts performed by the
Québec Ministry of Transport (MTQ) coincident withe conduction of the travel survey in
autumn 2003. In the figure, the count data areegded by direction and time of-day but not by
screenline. Since the travel survey captures oalycommercial travel, passenger car must be
isolated in the traffic count data. At 12 of the @unting stations, the collected traffic volumes
were stratified by vehicle class. At locations wehenly the total volume of traffic was reported,
an adjustment factor was applied to estimate tHanwe of passenger cars. This adjustment
factor was constructed using the data from bridgeere volumes by vehicle class were
measured. The figure shows that the volumes traffilmes obtained using the expansion
factors of surveyed trips correspond well with fimtounts, particularly during the morning
peak period between 6 and 9 a.m. During this tmerval, the traffic volumes inbound (toward
Montreal) are better represented than the voluméme the island (outbound). The latter are

consistently under-represented in the survey. [Qurthe p.m. peak period, the survey
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corresponds better with outbound rather than indowotumes. In addition, the figure shows that
the use of personal expansion factors to weighetrsurvey trip records produces a systematic
underestimation of bridge traffic volumes. Compared the morning peak period this
underestimation is considerably more pronouncethéenp.m. peak period and during off-peak
periods. This phenomenon may be attributed to tidereporting of complex trip chains and
survey respondents’ incomplete knowledge of theelrpatterns of the other members of their
household. The increased presence of externaictiedfthe day progresses may also play a role.
More generally, the roadside counts are collectegl three or four days at each location and
capture all vehicles using the bridges. The traveley was performed over nearly five months
and describes the travel behaviour of householdg. ddscrepancies between the bridge
volumes calculated using the survey and the dyeattserved vehicle volumes are therefore to

be expected.
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Figure 2.15: Distribution of major bridge declaoats and bridge traffic counts by screenline and

departure time
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The aggregate results are complicated by trips wbhge multiple bridges (two is the maximum
possible for all non-circuitous trips). Multipleitbge declarations are rare however, accounting
for 804 of 33,194 observations (2.4%). For the goeak period, there are 185 two-bridge
declarations (2.0%). The joint-distribution of palr bridge responses shown in Figure 2.16
demonstrates the overall coherence of the obseatveides. For the most part, the sub-matrices
representing intra-screenline movement are emgtis Means there are very few travellers who
enter the island and leave the island using theesammeenline. The more frequent bridge pairings
confirm some intuitions about bridge usage patteFs example, the most frequently used
second crossing is the Lafontaine Tunnel (1304)cé&this facility is located far from the central
city and is directly connected to several freewdtyss an important corridor for travel between
suburban communities. It acts in concert with tharhy Pont Charles-de-Gaulle (1602) which
provides access to the island from the east anddhemunities north of Laval. There is also a
strong interaction with the Pont Pie-IX which isetleasternmost link to Laval and shares
Autoroute 25 with the Lafontaine Tunnel. Trips wpitwo bridges are excluded from the
subsequent analysis. Although they account for allgpnoportion of total bridge traffic, these
trips may influence the level of service on certaiossings. An evaluation of the magnitude of

this effect could be the subject of future research
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Distribution of declared bridge pairings
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Figure 2.16: Distribution of bridge combinations taps using two bridges during the morning

peak period

2.4.3 Construction of a valid sample

Although the information in the survey paints pretwf driver behaviour which is plausible at

the aggregate level, legitimate questions can edaabout the accuracy and credibility of
individual declarations bridge choice. It is possithat travellers confuse bridges during the
interview, especially if they are replying on bdhat another household member. It is also
possible they are unable to identify the bridgey theed. While the five South Shore bridges are
well-known throughout the region, relatively fewhabitants can correctly name all six of the
bridges linking Montreal to Laval or the bridgestbé East and West screenlines. Additional
problems can be attributed to improper geocodingrafins or destinations. It is therefore

essential that a method be found for validatingehgartial descriptions of trip itineraries.

The validation of bridge declarations proposed heomsists of associating the declared
responses with basic information describing thét lmfrastructure. This association process is
based on a hypothesis of driver behaviour — a g@nalffic assignment model. The validation
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procedure is restricted to trips beginning withie .m. peak period which by definition starts at
6:00 and ends at 8:59. There are several reasorad@ipting this approach. First, a smaller
sample facilitates the elaboration and executiomrofexperimental methodology which could
subsequently be applied to a larger set of obsenatSecond, it is important that a period of
peak demand be selected if issues relating tadrafingestion are to be explored. The typical
morning rush hour represented by the survey daitatitotes a snapshot of the equilibrium state
under congested conditions. Finally, there is semdence to suggest that the survey provides a
more complete description of travel demand in thenmmg peak period than in the afternoon

(see section 2.4.2).

2.4.3.1 The validation network

The validation process requires a network on withehdeclared responses can be simulated. In
this case, the Poly network (see section 2.3.2) wgasl. A portion of this network is shown in
Figure 2.17. In this network, as with all the otherhich are used in subsequent analyses, there is
no system of zones, no centroids, and no artificahnecting links. All trip origins and
destinations are geocoded to the nearest metreseTii@ endpoints are associated to network

nodes using a nearest-neighbour method.
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Figure 2.17: The detailed geomatic network foraesignment of trips

2.4.3.2 Representing demand: a disaggregate analysis framewk

The majority of traffic assignment models usedriactice rely on some sort of zone system and

assign demand from centroid to centroid. Undemser-equilibrium hypothesis, this inter-zonal

demand is distributed among alternative paths lggaimost equal travel times. Various methods

have been devised for disaggregating the loadieggss in time through the construction of

however, is

time-sliced matrices and dynamic loading algorithr&patial disaggregation

anything but standard practice because of a histidack of precisely geocoded trip data and the

difficulties involved in achieving a user-equilibmm when the modelling units are individual

vehicles rather than packets of flow.

The method proposed here assigns trips to the mletinam a list. Because they are extracted

from the Montreal Travel Survey each trip has mattgbutes, but the most important ones from

the perspective of traffic assignment are the poirtrigin, the point of destination, and the time

of departure. The assignment model is merely tmstcoction of a new trip attribute called the

itinerary which is a sequential list of the linksed to complete the trip. Furthermore, the
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structure of the itinerary data represents the itognprocess of the modelled agent. Such
representations of knowledge are extremely commuortraveller-information systems, an
example of which is the service provided by Goollaps (Figure 2.18). The origin and
destination are chosen as points (addresses osent®ns) and the path is displayed as well as
described as set of directions. Note that the tioes constitute a list of intersections where a
turn is required. This node-movement representatioa trip is what ought to be preserved as
the output of any meaningful traffic assignmentroute choice model since it mirrors the
cognitive structure used by drivers as they naeigatrough the network. It also provides

complete information on the physical infrastructeneployed by travellers.

Lac des Driving directions to Rue De la Montagne
(e Rogates Saint-Lambert ds-ex 13.8 km - about 18 mins
LEI’
# = o Q Ayenue Panneton
’ m i
r Sarc o8 B &
o Cite du Hirre - L 1. Head south on Avenue Panneton toward
[ % @ Boulevard Provencher
4
%' @ 2. Tum left at Boulevard Provencher
.;_,uﬁ lig"de la 3. Turn right at Boulevard Pelletier
112 ﬁ.ﬁ*d‘ Gou v 4, Tum left at Avenue Panama
L1}
¥ 5. Tum right at Boulevard Taschereau
R[.Ip Br, 6. Take the QC-10/QC-10 OB ramp to Pont
lage Country,C Champlain/Montréal

die Montri B B o B A o ogd s S A W

Vendun

Figure 2.18: Example of routing output from Googlaps (maps.google.ca)

One of the limitations of using a travel surveyrépresent demand is that the survey contains
only a sample of the total population. The 2003 Meal travel survey sampled roughly 4.5% of
the region’s households but its sampling rate ipistis generally lower, as suggested by the
comparison of expanded survey trips to observedgbrivolumes shown in Figure 2.15. An
expansion factor is estimated for each validatgditrthe survey but, since it is based solely on
demographics, it does not necessarily generatgitintate estimate of traffic flows at particular
locations or even of total automobile travel demad the network generally. Also, the

conventional use of the survey expansion factar®diices an important distortion during trip
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simulation because, instead of one person trageliom point A to point B along route X, there
are 25 people exhibiting identical behaviour. Wimatrequired is a legitimate method for
disaggregating — in space and in time — individualey records after they have been weighted.
Since the modelling exercise undertaken in thisighis focused on the faithful reproduction of
the observed behaviour of individual drivers, timalgsis uses unexpanded (non-weighted) trip
records. The faithful reproduction of observed lildkvs validated by roadside counts constitutes
a different problem. Nonetheless, a representatidhe full population of vehicles is necessary
when simulating traffic congestion. This particulssue is discussed further in section 2.5.2.1.

2.4.3.3 Application of two all-or-nothing assignments

For validation purposes, it is assumed that drivames optimists in that they believe traffic
congestion will be minimal and therefore has ntuerfice on their choice of route. They are also
selfish optimizers in that they choose the routé&ctviminimizes their own travel time. An all-or-
nothing shortest path assignment is an appropaigiaithm for representing these hypotheses.
Trips are assigned to the network sequentially. paih information for each assigned trip is

retained as a final result of the simulation preces

Two simulations are performed. The first one isadlror-nothing assignment of trips to the
complete network. The second simulation is an mhathing assignment where only the bridge
declared by the survey respondent is available.eBoh survey observation the attributes of the
shortest path are compared to the attributes ofldobared path. An initial comparison of the
travel time attribute for the 9,290 bridge choidservations in the a.m. peak period is shown in
Figure 2.19. The shortest path travel time is envértical axis and the minimum travel time for
the itinerary incorporating the declared bridgemsthe horizontal axis. Observations which fall

far from the axis of symmetry are considered suspec
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1 Declared Path vs. Shortest Path Travel Times

Shortest path travel time (minutes)

0 20 40 60 80 100 120 140

Travel time of declared path (minutes)

Figure 2.19: Comparison of simulated travel timedexlared routes and shortest-path routes.

If the travel time on the declared path exceededrtvel time on the shortest path by more than
15 minutes, the observation was removed from thh@sda An absolute, as opposed to a relative,
threshold was chosen based on the assumption tivetsddo not distinguish between small

travel time differences, even if these differenogsresent a significant proportion of the total

travel time. Observations which fell very closeth® 15 minute threshold were subject to a
visual inspection of their declared itineraries. dome cases, this exercise revealed obvious
inconsistencies in the spatial distribution of tapgins, destinations and the declared bridge.
These observations were removed from the datasklitiBnal responses were removed because
the declared mode of travel was not auto-drive.tRera.m. peak period (6 a.m. to 8:59 a.m.),

the final sample contained 8,583 observations.

2.4.3.4 Description of the validated sample

The trip records contained in the validated subsamgre generated by interviews performed
between the 27of August, 2003 and the ¥2f January, 2004. Although the survey is designed
to represent travel behaviour for a typical weekuathe fall, a strike by maintenance workers at
Montreal’s public transit agency (the Société dmsport de Montréal or STM) from the™1&

the 23" of November caused a disruption in travel pattelmsng that period. As a result, the

decision was made to extend the interview periad the winter of 2004. No interviews were
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conducted between the"Ldf December and thé"éf January because of the important changes
in travel patterns that occur around the holidalyse temporal distribution of trips in the
validated sub-sample over the surveyed periodasvehn Figure 2.20. The subsample includes
three days during the transit strike and three waakJanuary. The volume of observations
during the strike is noticeably lower than at othieres. Since “essential’ transit service was
maintained during rush hours, off-Island transitwuoeks were unaffected, and the number of
observations made during the strike represents @l gmmoportion of the sub-sample, it is
unlikely that the inclusion of trips made duringthtrike introduces an important bias into the
representation of bridge usage patterns. The gradoeease in the daily volume of trips
apparent over the course of September is attributabthe initial low productivity of the call-

centre and not to a dramatic increase in bridggausaer a period of a few weeks.
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Figure 2.20: Temporal distribution of validateggiby screenline
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Because travel patterns may vary over the coursetgpical week, it is important to verify the

stability of bridge usage patterns for each week&&yure 2.21 compiles the number of trips in
the validated subsample by screenline and by weeKdee figure shows that the distribution of

trips over the four screenlines hardly changes fooa day to the next. A slight increase in the
total number of bridge-using trips is apparent dmrEdays and Fridays. An examination of trip
motives revealed no change in the frequency ofiquéar types of trips, suggesting that the
increased number of observations is due to an wggrguantity and quality of survey responses

at the end of the week.
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Figure 2.21: Distribution of observed trips ovee thays of the week by screenline

The validated survey records can also be examigdditdige. Table 2.5 presents some summary
statistics of the responses for each of the 15gbdadover the 91 days during which bridge
choices were recorded. Of particular interest heehiridges that carry non-freeway roads (1302,
1401, 1404 and 1601). Compared to the other eldw@niges, these bridges appear less
frequently in the sample. They have a lower averagaber of responses and a higher number
of days without any observations. This result isécexpected since arterial roads normally carry
much lower volumes than freeways. There is, howesaar interesting variation in response
attributes among these four bridges. At one extreime Victoria (1302) bridge declarations
appear to be the most reliable based on the averagwwer of responses per day and the

coefficient of variation (the standard deviationided by the mean). At the other extreme, the
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Le Gardeur bridge (1601) is the most poorly represe with 30 days of non-response and a

very high coefficient of variation.

Table 2.5: Summary of survey responses by declaidde over 91 days of interviews

Total Days of no Max Avg response Coef. of

Bridge | responses| response  responses per day Std. dev.  variation
1301 778 1 22 8.55 4.21 0.493
1302 360 5 9 3.96 2.19 0.553
1303 828 2 20 9.10 3.87 0.425
1304 714 1 18 7.85 3.53 0.450
1501 549 4 14 6.03 2.94 0.487
1401 243 12 12 2.67 1.99 0.747
1402 560 4 14 6.15 3.35 0.544
1403 654 2 25 7.19 4.30 0.599
1404 213 11 6 2.34 1.56 0.665
1405 1018 1 25 11.19 5.21 0.466
1406 1007 1 26 11.07 6.05 0.547
1503 408 3 22 4.48 3.64 0.812
1504 511 4 16 5.62 3.07 0.546
1601 135 30 6 1.48 1.49 1.001
1602 605 1 16 6.65 3.74 0.562

The breakdown of observations by bridge, screerdime direction for the validated data set is
shown in Table 2.6. The comparative totals are isterst with the distribution of traffic courits
among the facilities, which are also shown in thbld. The two leftmost columns are the
expansion factors which would need to be applietthéosurvey responses for them to match the
observed traffic volumes. Since the survey samplesind 5% of the region’s households, a
naive trip expansion factor should be around 26r rRost bridges, the inbound factors are not
far from this value although they are consisterhove 20, suggesting a generalized under-
representation of bridge demand in the travel sur¥Vais finding is consistent with the analysis
of counts over the course of an average day (s#®se.4.2). Large discrepancies are apparent
on the Lachapelle and Le Gardeur bridges. The niigber expansion factors on outbound
flows indicate that the survey systematically uedémates demand in the non-peak direction.

* These data were collected by the Québec Minigtfjransport during the fall of 2003, which corresgs to the

time at which the survey was conducted.
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The four leftmost columns of Table 2.6 show theveyed trips and counts normalized by

directional (inbound/outbound) screenline. Thesecgr@ages allow a comparison of the

distribution of traffic across the facilities whiébrm each screenline. For example, 23.6% of all

surveyed trips crossing the South Shore screemditiee inbound direction used the Champlain

Bridge. Meanwhile, 23.9% of inbound vehicle trafbbserved on the South Shore screenline

used the Champlain Bridge.

Table 2.6: Validated bridge declarations for tha.geak period

o

Trips (screenline Counts (screenline
Surveyed Trips Traffic counts Expansion factors normalized) normalized)
Bridge | Screenline | Out In TOTAL | Out In Out In Out In Out In
1301 156 622 778 6999 15215 44.9 24.% 26.2% 23.6% 26.0% 23.9%
1302 360 360 8095 22,5 0.0% 13.7% 0.0% 12.79
1303 | South Shorel 124 704 828 5505 1501 44.4 2143 20.8% 26.7% 0.5% 23.6%
1304 220 494 714 10107 1385 45.9 28J0 37.0% 18.8%37.6% 21.7%
1501 95 454 549 4260 1151 44.8 254 16.0% 17.2% 995 18.1%
South Shore TOTAL 595 2634 3229 26871 6369 100% 100% 100% 100%
1503 West 32 376 408 2299 9099 71.8 24.7 38.1% 45.00% 38.3% .3%2
1504 52 459 511 3709 1242 71.3 2711 61.9% 55.0% .79%1 57.7%
West TOTAL 84 835 919 6008 21519 100% 100% 100% 100%
1401 37 206 243 2069 5643 55.9 27.4 5.3% 6.9% 6.3% 6.7
1402 112 448 560 4345 8937 38.8 199 16.1% 14.9% .2943 10.6%
1403 Laval 138 516 654 7181 1409 52.0 2713 19.8% 17.2% 1.8%R2 16.7%
1404 31 182 213 1701 8034 54.9 44.1 4.5% 6.1% 5.2% 9.5%
1405 210 808 1018 9406 2328 44.8 288 30.2% 26.9% 28.6% 27.6%
1406 168 839 1007 8179 2424 48.7 28)9 24.1% 28.0% 24.9% 28.8%
Laval TOTAL 696 2999 3695 32881 84225 100% 100% 100% 100%
1601 East 12 123 135 948 6076 79.0 49.4 17.6% 18.3% 13.0%  7924.
1602 56 549 605 6327 1855 113.0 3318 82.4% 81.7% 7.098 75.3%
East TOTAL 68 672 740 7275 24637 100% 100% 100% 100%
TOTAL 1443 7140 8583 73035 19406 50.6 27.2

The market shares of each facility measured usmgts are very strongly correlated the market

shares derived from the survey. A plot of normalizeounts vs. normalized survey trips

illustrates the strength of the correlation (Fig@22). A linear regression weighted by the

number of survey observations yields a determinatioefficient (r-squared) of 98%. This
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finding strongly suggests that the validated survdgrmation is an accurate representation of

driver bridge choice.
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Figure 2.22: Comparison of traffic counts and \atiedl survey responses

The sample of validated bridge responses in theltisurvey corresponds to 7,683 households.
Figure 2.23 shows the spatial distribution of théseiseholds. The inset table shows their
distribution aggregated by region. The island ofnitdeal is home to 15% of a.m. peak period
bridge users. Theouronne sudgccounts for more than a quarter of bridge-usesélolds. The

South Shore represents a smaller market (15.6%)tteother suburban regions. Laval and the

couronne nordogether account for two fifths of all bridge-uginouseholds.
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Figure 2.23: Location of households of a.m. peatgol bridge users

The spatiotemporal distribution of validated resggsis shown in Figure 2.24. Of the 8,583
trips, 7,140 originate off the island of Montre8ince only single-bridge trips were retained, all
these trips terminate somewhere on the island. réhsining 1,443 observations constitute
“reverse-commute” trips which originate on the ngla The largest supplier of inbound

automobile commuters is thmuronne sudvhich accounts for 29.8% of all Montreal-bound
trips. Laval is the most popular destination foverse-commuters, attracting 35% of all
outbound trips. The distribution of departure tinreslso noteworthy. Four half-hour intervals
each contain around 17% of all departures. The-7:80 interval captures 23.4% of all

departures. After 8:30, demand drops off dramdyicaDnly 8.3% of travellers declared a

departure time within this interval. This findingggests a constrained arrival time, which would
fit with the intuition that most people are expekcte be at work at or at school before 9:00.
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Figure 2.24: Origins and destinations of trips vétteclared bridge during the a.m. peak period
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2.4.4 Factors influencing the route choice of drivers

Once a valid sample of trips has been isolatedexloratory analysis of the factors which
explain the observed behaviour may begin. The hebawf interest here is the choice of bridge
made by auto-drivers and this choice is relatethéochoice of path. In a detailed urban network
composed of many thousands of links, the theoletitamber of possible acyclic paths
connecting a given origin-destination pair is #nibut often very large. The size of the path
choice set can be reduced by ignoring routes waiielrmuch longer than the shortest route. The
remaining paths can be considered plausible optionprinciple however, for a given origin-
destination pair, two paths which differ by a seadink and whose travel times are similar
constitute two distinct routing options. Therefarea detailed network, the size of the plausible
path set for a single o-d pair may still be consibee. Much research has focused on the
construction of a set of plausible paths and thepmdation of the choice probability for each.
The present research proposes a simpler methodhvidibased on the hypothesis that real
drivers do not examine a multitude of alternativetes. The methodology is justified by the
ultimate purpose of the simulation model, whichtasanalyse the usage patterns of major

infrastructure elements.

If only major infrastructure elements are consideme the choice model, then the model
becomes a representation of facility choice rathan route choice. In the present research, the
facility is the major bridge but the approach coble extended to freeways or arterial roads
where a representative sample of revealed preferieficrmation exists. This approach has two
favourable characteristics. First, the set of plaasfacilities to be used in the completion of a
trip is much more limited than the set of plausitwates. Second, the available alternatives are
mostly independent of each other. Overlapping radtéeves are rare in the case of freeways and
non-existent in the case of bridges. As resultietli® no need to account for correlation between

alternatives in the latter case.

As a preliminary step in the construction of a eede model, this section outlines a method for
identifying the factors which contribute to the ifag choice of drivers. Model development is
an iterative process. In the present researchegins with a simple hypothesis about driver
behaviour. The initial model is augmented by exangnits incorrect predictions. The

framework for comparing model forecasts to obsereadity is elaborated in the first subsection.
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The second subsection describes a general claggificof model errors. The second section
demonstrates the utility of the confusion matrix identifying incorrectly modelled transport
markets and analysing them in detail. The thirdiseexamines the type of model errors that
are most difficult to correct: those that arisenirsituations of indifference.

2.4.4.1 The validation and simulation models

In section 2.4.3.3, two simulations were perforrf@dhe purpose of isolating a valid sample of
bridge declarations. Using the validated sample, dlocess is repeated. An initial simulation
assigns the sampled trips to the network basedehypothesis that each driver follows the path
having the smallest travel time. This unconstrailaflebr-nothing assignment is dubbed the
simulation model. The second assignment adoptssainee hypothesis with respect to driver
route choice but constrains the route to the bridgelared in the survey and is called the
validation model. Note that if a user-equilibriusoes exist, then the validation model is its
representation, at least with respect to the majoiges. Evidently, the routes generated by the
simulation and validation models are in many cadestical but there will be a significant
number of trips whose choice of bridge does notesmond to the simulated shortest path. These
trips constitute the errors of the model.

2.4.4.2 Indifference, deviance and error

Sources of error in a model of human behaviourlwasegregated into three broad categories:
gross errors, deviance, and indifference. Grogg®are cases where human intervention in the
observation and model construction process leadsdonsistencies in the data structure.
Examples include erroneous declarations by theesurgspondent, improper codification of the
declared trip by the interviewer and the inaccuradification of the model network to which
the trip is assigned. Deviant behaviour descrilzse€ where the traveller simply did not adopt
the behaviour hypothesised by the model (i.e. hendit choose the shortest path). Finally,
indifference effects arise when the difference leetvtwo alternatives is indistinguishable, both
to the driver and to the model. Consider an examwplere the simulated travel time using bridge
1301 is 13.6 minutes, the simulated travel timebbgge 1302 is 14.1 minutes and the driver
chooses bridge 1302. Because the variability of neeel time on a road network and the

uncertainty of the estimates generated by the mmmtabine to form a confidence interval which
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is much larger than 30 seconds, it is impossibldefinitively conclude that the driver did not

choose the shortest path or that the model madearrect prediction.

Since the sample of bridge declarations has alré®dy validated through the elimination of
obviously inconsistent observations, it is hopeat the number of incorrect predictions resulting
from gross error will be very small. This assertistiested by plotting the distribution of excess
time of incorrectly modelled trips. Excess timedsfined here as the difference between the
travel time on the route generated by the valigativodel and the time generated using the
simulation model. Figure 2.25 shows the distributid excess time for the 2,220 travellers who
declared a path which was not predicted by therfiething assignment model. Therefore, all
the travellers represented in the figure choseidgérwhich, according to the model, generates
an itinerary that is longer than the shortest pdthe negative exponential form of the
distribution (reminiscent of Dial’s path choice nebdDial, 1971)) is evident. Only 9 of these
trips have excess times greater than 10 minute®alydl0.7% have excess times greater than 5
minutes. Although it is impossible to delineategsely the boundaries between error, deviance
and indifference, it is safe to say that the phegroon of indifference is much more prevalent
than the phenomenon of gross error. This findingld/rseem to validate most of the partial path
information provided by survey respondents. If devibehaviour is arbitrarily defined by a
range of excess time between 2 and 5 minutes,itlaecounts for around 31% of the incorrectly
modelled trips, which corresponds to 8% of all daed trips. Indifference, as defined by an
excess time of less than 2 minutes, would com®8é of erroneous predictions.
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Figure 2.25: Distribution of travel time differersceelative to the shortest path.

2.4.4.3 The Confusion Matrix

Developed in the domain of machine learning (Kol&Wrovost, 1998), the confusion matrix is
ideally suited to the evaluation of discrete chawedels since it reveals exactipw the model
makes erroneous predictions. It is sometimes nedeto as a prediction-success table in the
discrete choice modelling literature. The confusiwairix allows for the calculation of numerous
indicators of model performance based on a conpard observed and predicted outcomes.
Table 2.7 is an example of a confusion matrix fealeating a model that predicts one of two
possible results. The row labels represent therebdeoutcomes and the column labels represent
the predicted outcomes. The cell valuash( c, andd) contain the frequency of each observed-
predicted combination. Values along the diagoaar(db) contain the correct predictions of the
model. The formulae for the calculation of four gibge performance indicators are shown below
the table.
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Table 2.7 : An example confusion matrix

Predicted

1 (2

Observed 1 |a | b
2 |c |d

Correct prediction rate or true positive rate fatcome 1 T2):

_ a
= a+b (2.1)
Precision for outcome PY):
. a
b= a+c (2.2)
Percentage erroE}:
_(a+c)—(a+b) c—b
1= a+b a+b (2.3)
Global correct prediction rate or accuragy: (
_ a+d
a+b+c+d (24)

Table 2.8 is a confusion matrix for the 15 majadgpes of Montreal. The model being evaluated
is the all-or-nothing assignment of trips to thdyPmetwork using the TRANSIMS simulation
software (for details, see section 2.5.2). The rofshie matrix represent the observed behaviour,
the columns represent the predictions of the maoaled, the matrix diagonal contains all the
correct predictions. So, for example, there wer@ favellers who chose bridge 1301 and 623
travellers who were predicted to use bridge 1308etleon the all-or-nothing assignment. The
bridge choices predicted by the model match obselvielge choices in 516 cases. The number
of correct predictions divided by the total numbg&bbservations is the “correct prediction rate”.
For bridge 1301, it has a value of 68.8%. The “pstage error” is the predicted bridge volume

minus the observed bridge volume all divided by dimserved volume. The global correct
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prediction rate for all 15 bridges is 74.1%. Conmxars of the vector of total observations with
the vector of total predictions yield the coeffitief determination®) and the %-RMSE, both
standard performance indicators in traffic assigmmmeodelling when comparing observed and
simulated traffic volumes. Note that neither ofdbdast two indicators are adequate measures
for evaluating a model of choice since they onlynparetotal observed and predicted bridge

flows.

Table 2.8: Confusion matrix for a.m. peak periagstrdestined to Montreal Island simulated
using an all-or-nothing assignment to an uncongestétwork.

Number of trips Modeled bridge
Screenline | Observed bridgd 1301 1302 1308 1304 15p1401 1402 1403 1404 1405 14p6 1503 1604 1601 11602 TQTAL % EORR

1301 516 85 133 20 24 778 | 66.3%

1302 4 186 118 7 3 360 | 5L7%

South Shorq 1303 3% 67 703 20 2 828 | 84.9%
1304 2 2 129 581 714 | 814%

1501 23 4 4 51 4 2 549 | 933%
1401 130 53 13 2 38 1 243  s35%
1402 33 289 136 % 2 1 3| 50| 5L6%

Laval 1403 9 73 514 46 o| esa| 786%
1404 13 11 2 91 77 18 1 213 427%
1405 49 9% 68 30 710 64 1 101 69.7%
1406 6 27 23 oof 171 70 11 100f  70.4%

West 1503 384 24 408 | 94.1%
1504 1 46 464 511 | 90.8%

ot 1601 37 o8| 135 | 27.4%
1602 56 2 1 9 5371 605| 838%

TOTAL 623 340 1087 632 54 240 549 812 192 1140 $02 434 |490 49 | 68383 | 74.1%

9% ERROR 200 -6% 31% -11% -1 1% -2% 24% -10% 12% -20% 6% |-A%86-68%|85.7% | 20.4%

R? RMSE

The primary interest of the confusion matrix, hoeevis that it allows for the isolation of
particular market segments (Spurr & Chapleau, 208lF}he erroneous predictions of the model
are found in the off-diagonal cells and some o&éheells contain a significant volume of trips.
For example, there were 171 trips which, in realitsed bridge 1406 (the Louis-Bisson Bridge)
but were assigned by the model to bridge 1405Ntédéric-Martin Bridge). A detailed analysis
of the trips that make up this improperly modeliedrket segment may provide insight into the

driver decision-making process.

Both the Médéric-Martin and Louis-Bisson bridgesrrgafreeways, belong to the same
screenline and run parallel to each other at anltst of approximately 5 km. Driver indifference

toward these two alternatives seems likely. A camspa of the attributes of the correctly
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predicted trips with the attributes of the incothgpredicted trips allows for the identificatioh o

a decision variable not considered by the modefurie 2.26 is a visualization of this
comparison. It shows the distribution of distanes¢lled on the arterial road network by all the
drivers who declared the use of the Louis-Bissonldg. A large proportion (70.4%) of these
trips was correctly assigned by the simulation rhod&e remaining trips were distributed
among the seven other bridges of the Laval and &astenlines. A separate distribution is
plotted for each simulated bridge. The distribusiondicate that correctly assigned trips travel
shorter distances on the arterial network thaninticerrectly assigned trips. This assertion is
confirmed by the computation of average distanoethé inset table. The distance distribution
generated by the validation model is also plotlekas the same shape as the distribution of trips
correctly predicted by the simulation model. Thésdings imply that drivers do not simply try
to minimize their total travel time, but attempt toinimize their use of non-freeway
infrastructure. While this result might be arrivatdby some other method, the confusion matrix

allows for a precise and structured examinatiocoohplex behavioural patterns.

1 H Simulated bridge | N % | Avg. Dist
Confusion analysis S v D
[v)
100% 350 1402 27 | 2.7% | 140
90% - N 23 | 23%| 139
) S - 300 69 | 69%| 115
o/ | g \
S 80% ! \ — | " 171(17.0%| 9.0
B 70% 1 | A - 250 § 709 |70.4%| 5.6
2 i h B [1601 1 (01%| 6.8
2 60% — 2 )
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Figure 2.26: Detailed analysis of predicted choimielsouis-Bisson Bridge users
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2.4.4.4 Detailed analysis of indifference

Situations of indifference are not easily handled algebraic models. Mathematically, the

concept of indifference implies the subtractioroag quantity from another for the purposes of
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comparison. If the result of the calculation isgaiin magnitude, then the two quantities are
easily distinguished. If the result of the calcidatis zero or relatively close to zero, it is
impossible for a model to reliably determine whigption will be chosen unless additional
information is provided. Deterministic methods dieciby ignoring the size of the difference
between alternatives. Probabilistic methods avbmbsing by assigning probabilities to each of
the alternatives. Neither method is an accurateesgmtation of reality. Given these difficulties,
the goal of this section is to increase the cohtb@sween competing alternatives in order to
reduce the regions of indifference within the spdegned by the decision variables.

The geographical expression of indifference betwakarnatives can be illustrated by the
construction of a drainage basin or catchment ye@&ach bridge. Regions where catchment
areas meet (decisional watersheds) constitute afegzatial indifference. The road network is
constructed in such a way that any point in theaartegion is closest (as measured by distance
or by time) to a particular bridge entrance. Sinhlaevery point is closest to a particular bridge
exit. Each trip origin and destination lies, resp@ty, in an access or egress basin, although the
basins of the origin and destination often do redobg to the same bridge. It is not immediately
clear which basin determines the choice of bridgesins can be constructed using the results of
the all-or-nothing shortest path assignment ofstrippm their origins to the nearest bridge
entrance (Figure 2.27). For the purposes of vizaabtn, a grid composed of square kilometre
cells was constructed. Each cell of a particuldowocontains at least one trip origin within the
basin of the corresponding bridge. It is possibleldasins to overlap. The size of the basin for
each bridge is indicated in square kilometres enrttap legend. The figure demonstrates that the
size of the catchment area depends on its pogiéilative to other bridges and on the type of
facility carried by the bridge. For example, thechapelle Bridge has a catchment area of 34
square kilometres and the catchment area of thébyddédéric-Martin Bridge 155 square
kilometres. The difference is because the MédérutiM Bridge carries a freeway and the
Lachapelle Bridge carries an arterial road. The afl geography is evident in a comparison of
the Mercier and Jacques-Cartier Bridges. Neithétger carries a freeway but the Jacques-
Cartier is located within a few kilometres of threther bridges whereas the Mercier is much
more isolated. The catchment area of the Mercigldgris therefore nearly four times larger

than that of the Jacques-Cartier.
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Figure 2.27: lllustration of access catchment afeaall 15 bridges for travel toward Montreal

A simple mathematical formula which quantifies ffelience along the dimension of a particular

choice variable is:

C=x;—xp (2.5)

WhereC is the excess value of the decision variakjes the value of the decision variable for
alternative 1 andy is the value of decisionfor alternative 0. In this exercise, alternativevil

be a presumed optimal (simulated) alternativeC Af small magnitude indicates indifference
between the two alternatives. The sign ©findicates which alternative will be chosen,
depending on whether the optimal valuexofs a maximum or a minimum. Indifference is
examined over multiple dimensions by selecting ipl@troute attributes for the calculation©f
Obvious candidate decision variables are traves titmavel distance and average travel speed.
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Figure 2.28 is a graphical demonstration of thenida above. Four possible decision variables
are represented simultaneously (excess travel tiexeess travel distance, excess speed,
departure time). Each point represents an inboupdssigned by the all-or-nothing assignment
to a bridge other than the one that was declarée. Jair of alternatives being considered
therefore consists of the bridge belonging to tiatest-path itinerary and the bridge declared in
the survey. The vertical axis represents the diffee between the length of the declared route
and the length of the minimal time path (excessadre). The horizontal axis represents
difference in travel time between the declared j@auth the minimal time path (excess time). The
colour of each point represents the average exapessd of the trip. Red points indicate trips for
which the average speed is much larger than th@resnced on the minimum-time path (excess
average speed). Blue points are trips for whichaverage speed is much smaller. Finally, the
size of each point represents the time of decldeggirture in units of minutes after 6 a.m. The
expected correlation between excess distance atgs&xime is evident. In addition, it seems
that the variation in speed difference decreaséls imcreasing excess time. When the excess
time is large, there is no possibility that the 1o path could be faster than the optimal path.
The departure time has no apparent correlation exbess distance, excess time or excess

average speed.

In section 2.4.4.2, indifference with respect @vél time was defined as an excess travel time
between 0 and 2 minutes. These limits are indicatethe graphic. Another arbitrary definition
of indifference is applied to distance: 1 km longeshorter than the optimal path. Similarly for
average speed, the region of indifference is asduimdie between 9.6 km/h relative to the

average speed of the optimal path.

The figure shows that there are 505 trips whichv#hin a region of generalized indifference
where excess speed, time and distance are all Wdd¢region A). But 90 of the travellers who
are indifferent to travel time have chosen pathsciwlare significantly shorter, in terms of
distance, than the minimum-time path. These trijgsl@cated in region B. Also, 31 additional
travellers, represented by the red and orange goiregion C, choose longer routes travelled at
much higher speeds. If the speed indifference lmidsis reduced from 9.6 km/h to 6.4 km/h,
the number of trips in region C rises to 131. Thmimization with respect to speed is not
necessarily equivalent to the minimization of tlawme since it is possible to find a path which

takes longer but also covers a greater distancetbeminimum-time path and therefore yields a
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higher average speed. For example, some drivers cghagse the freeway over the arterial
network because, even though it takes a few minut@®, it requires less starting and stopping
at traffic lights and less interaction with otheghicles. The speed maximization hypothesis

could also be stated as the maximization of dig@pent on the superior network.

Although the definition of indifference thresholds arbitrary, this exercise demonstrates that
alternative paths which are virtually equivalerdrej one dimension (such as travel time) are
distinct along another dimension (such as speedlistance). Moreover, the analysis of

indifference permits the identification of two atioinal types of optimization behaviour: the

minimization of distance and the maximization oéege speed.
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Figure 2.28: Multidimensional analysis of decisigariables: differences between the chosen

alternative and the shortest-path alternative.

In a situation of indifference, a route might beosbn based on considerations that may have
nothing to do with the optimization of cost or iuiyil These considerations depend upon the

psychology and cognitive process of the drivertribattes which are not directly observable in
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the survey. A comparison of the distribution ofqmral and cost-independent trip attributes of
travellers whose choice of bridge was correctlydmted with the personal attributes of
travellers whose choice was not correctly prediageekals almost no appreciable differences
(Table 2.9). The only factor that displays distidistributions between the two sets of trips is the
territory of trip origin. The region of Laval acamis for 31.4% of incorrect predictions and
19.4% of correct predictions. This means that theranothing assignment model has particular
difficulty predicting the bridges used by trips ginating in Laval. Conversely, théouronne

Sud region contains 28.6% of correctly predicted chsicand 13.9% of the erroneous
predictions. In other words, the model is espegciafit at predicting the choice of bridge for trips

originating in theCouronne Sud
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Table 2.9: Comparison of the attributes of corgeatid incorrectly modelled trips

Attribute Correct Incorrect Total cases
Age group - Men
15-24 5% 6% 292
25-34 20% 21% 1043
35-44 33% 33% 1713
45-54 28% 28% 1463
55-64 12% 11% 602
65-74 2% 1% 82
75-84 0% 0% 10
95-105 0% 0% 0
Age group - Women
15-24 7% 7% 242
25-34 23% 26% 809
35-44 36% 33% 1192
45-54 26% 28% 899
55-64 7% 6% 220
65-74 0% 0% 15
75-84 0% 0% 0
95-105 0% 0% 1
Professional status
Full-time worker 89.1% 90.5% 7679
Part-time worker 3.5% 2.8% 284
Student 3.7% 3.9% 323
Retired 1.9% 1.3% 151
Other 1.4% 1.3% 115
At home 0.4% 0.3% 31
Departure time
6:00-6:29 17.7% 16.0% 1482
6:30-6:59 16.4% 16.5% 1410
7:00-7:29 23.0% 24.3% 2006
7:30-7:59 16.9% 17.5% 1464
8:00-8:29 17.6% 17.6% 1511
8:30-8:59 8.4% 8.0% 710
Trip Purpose
Work 84.0% 85.0% 7235
Study 3.5% 3.4% 298
Return home 2.9% 1.8% 222
Leisure 1.2% 1.0% 100
Shopping 0.3% 0.1% 21
Other 8.1% 8.6% 707
Region of origin
Montreal 16.6% 17.4% 1443
South Shore 15.6% 15.6% 1341
Laval 19.4% 31.4% 1934
Couronne sud 28.6% 13.9% 2128
Couronne nord 19.5% 21.4% 1715
Total cases 6363 2220 8583
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The reasons for these aberrations relate to thectesistics of the bridges used in each case, as
shown in Table 2.10. Trips originating in Laval regent the largest group of drivers using non-
freeway bridges (348 declarations). Trips origingtin theCouronne sudmeanwhile, represent
the largest group of drivers using freeway-carrybrglges (2,032 declarations). As is made
apparent by its confusion matrix (Table 2.8), theenothing assignment model has difficulty
accurately reproducing the use of non-freeway lesdgspecially 1401, 1404 and 1601. The first
two are used extensively by drivers who begin thgrin Laval. Freeway-carrying bridges are
generally better represented in the model, andeapecially well-represented in the West
screenline (bridges 1503 and 1504) which primagves trips originating in tHéouronne sud
The %-error statistics in the same confusion maniew that, with the exception of bridge 1601,
the predicted volumes on non-freeway bridges atedramatically different from the observed
volumes. The total predicted volumes are fairly djobut an important proportion of these

volumes consist of trips assigned to an incorrecge.

Table 2.10: Observed use of freeway and non-fredwidges by screenline

Declared bridges
Region of origin Freeway Non-freeway
Montreal 1363 80
South Shore 1077 264
Laval 1586 348
Couronne sud 2032 96
Couronne nord 1574 163
ALL 7632 951

2.4.4.5 Indifference and captivity

So far, the analysis of indifference has mostlylagd the comparison between the preferred
alternative as identified by a simulation modelhnvthe chosen alternative observed in the
survey. The more conventional approach involvespaymons between observed alternatives.
Such comparisons form the basis of most mathenhancalels of choice. Figure 2.29 is an
illustration of observed driver behaviour when tiveo alternatives are the Champlain and
Jacques-Cartier bridges. The graphic shows mahieee f each bridge as a function of the ratio
of travel-times. To construct this ratio, each loé 11326 trips observed on either the Jacques-
Cartier or the Champlain were assigned to the métivace. In the first assignment, the trips are
assigned to the bridge declared in the surveyhénsecond assignment they are assigned to the
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other bridge. For a given trip, the travel timeéaas the simulated time required to complete the
trip using the Jacques-Cartier divided by the sated time resulting from the use of the
Champlain. The trips are grouped into bins of @d&onstruct the graphic.

A region of indifference - where the travel timéioas close to 1 the market share of each bridge
is close to 50% - is visible in the figure. There also two regions of captivity where the market
share of each bridge is 100% and the travel tintie ia very different from 1. Despite the
presence of some deviant points, the graphic leadditional credibility to the bridge
declarations in the survey. The shape of the curgekighly reminiscent of the logistic
distribution which suggests the adoption of a phbiaisic approach. Such an approach is

described in the next section.
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Figure 2.29: Bridge market share as a functiomaofdl time

2.5 Disaggregate Simulation Models

Once declared responses have been validated, thenation they contain can be used to
construct a coherent model of bridge choice. Falhgweommon practice, the model is based on
three primary elements: the representation of dem#me representation of supply and a
mechanism for relating the two. One such mechaiiasialready been presented in the form of
an all-or-nothing assignment of trips to a detaided completely uncongested network. This
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simple model served primarily to test the validifythe travel survey responses and to illustrate
how multiple considerations may play a role in thetermination of facility choice. With a
correct prediction rate of over 74%, the model ens well despite its simplicity. The purpose
of this section is to estimate models which consadilitional elements believed to play a role in
the choice of route on a road network. These elégrianlude traffic congestion, control systems

and the hierarchical structure of the network.

Conventional methods of assigning travel demanddtworks are aggregate. The units of
analysis are packets of flow. If the results of amydel are to be incorporated in an analysis of
infrastructure usage patterns, it is essential that disaggregate structure of the demand
information be retained. Two types of disaggregatelels are examined. The first one is the
discrete choice random utility approach commonlgdug investigations of mode choice and
route choice. The second method employs the TRANS$iftware which was designed for the

activity-based modelling of complete urban tranggutern systems.

2.5.1 Random-utility models of facility choice

A discrete choice model is an appropriate methodo&forming a disaggregate assignment of
vehicles to a network since it conserves individuald their attributes during the route selection
process. The model can use either traveller atggoar service attributes as decision variables.
In addition, the data validation process suggestatl the probability of choosing a particular
bridge has a logistic distribution.

Typical applications of discrete choice methodgtoblems of route choice are significantly
more complicated than the model presented here.r@dmon is that most route choice models
consider a large number of alternative paths whrehnot necessarily independent of each other.
Indeed, overlapping routes are extremely commore [Binge number of alternatives and the
correlation between alternatives requires a “pabZsvariable to account for this fact. In
addition, the model can only be estimated if ac$edlternatives is specified beforehand. In the
vast majority of cases, the alternative routesnanger observed and must be synthesized using,
for example, a random-walk algorithm. The numbersghthesized alternative paths in the
choice set of a single traveller is usually ondhger of tens but can be on the order of hundreds.
This path-enumeration approach seems behaviouralgalistic since it is highly unlikely that

real travellers are aware of more than three or fiternative paths for a given route. The
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present model can be simplified because the ch®icet between alternative routes but between
alternative facilities (bridges). The choice satdach trip need not be synthesized but is instead
uniquely determined by the regional geography. fElee that the major bridges form a complete
cordon composed of multiple screenlines means thiagny one trip, the number of facilities in
the choice set can be no greater than 8 and eadltyfas completely independent of all the

others since only one facility can be chosen petero

2.5.1.1 Specification of three multinomial logit models

The multinomial logit model is founded on the hypegtis that the decision-makers are utility
maximizers and that the utility of each decisionkerahas observable and unobservable
(random) components. The difference between theerghble utility and the real utility
constitutes a random-error term which has an assuwxgected value of zero. If the distribution
of the error term is assumed to be identically imd@pendently Gumbel then the model will take
the form of a multinomial logit. In the simplestsea the utility of a decision-maker is a linear
function of the choice attributes and/or of theisien-maker himself. In order to estimate utility
coefficients for attributes of the alternativesjsitnecessary to compute attribute values for all
alternatives in the choice set, even though, fgivan traveller, only one alternative is observed.
In the models presented below, therefore, eaclelteavis simulatech times, wheren is the
number of alternative bridges in the traveller'sicle set. During each simulation, the traveller is
forced onto one of thgbridges forming the screenline which must be @dss complete the

trip.

Discrete choice models are characterized by a Yim@pendent variable representing the
observed choice. This variablgXis 1 if person chose alternativeand O otherwise. The logit
model is a type of discrete choice model with tbkofving form (a more complete derivation
can be found in (Train, 2003)):

Pr(m; =j) = G—- (2.6)

l=le il

wherem is the alternative chosen by perspb); is the utility persom obtains from alternative
andk is the number of alternatives among which peiisoan choose. Each utility function is a
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linear combination of explanatory variableX). The utility weights associated with these
variables are the estimated parameters of the nfBjleThe estimated utility function of person

for alternativg (T; ;) can therefore be expressed as:

Uij = X;B (2.7)

The parameter estimates of the logit model canrotfdund using algebra. A maximum
likelihood simulation process is adopted to soleethese parameters. The simulation requires
the computation of a likelihood functioh)(which is interpreted as the joint probability of
observing the events that were in fact observed.likelihood function can therefore be written

as the multiplication of the estimated probabidited each observation.

N k

L= 1_[ 1_[ Pr(m; = )i (2.8)

i=1 I=1

To simplify the calculation process, the simulatipmocess is applied to the logarithm of the
likelihood function. The function to be maximizeddomes a sum rather than a product and is
known as the log-likelihood functiof.I().

N k
LL = Z Z vy In[Pr(m; = D] (2.9)

It so happens that the log-likelihood function @geex and its maximum is therefore found at

the point where its first derivative with respezftis equal to 0. This condition is expressed as:

z xy(yy —Pr(m; =0)=0 (2.10)

=

N
=1

k
1

or in matrix form :
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~

X;(Y;—P)=0 (2.11)

i

whereP, is the vector of estimated choice probabilities fersoni. The parameterg which
satisfy this condition are the maximume-likelihoostimators of the logit model. The statistical
significance of these estimators can be evaluateahuch the same way as the parameters of

linear regression model.

The “pseudo r-squared” is a commonly adopted gosstoéfit measure for logit models and is
based on a comparison of the value of the logthkeld function using the initial parameter
estimatesl(Lo) and its maximum valueLy). The statistic®) always takes a value between 0
and 1 and is computed as

e LL; — LLg
L (2.12)

One of the interesting properties of the logit mMasli¢he possibility of specifying different utit
functions for different groups of travellers. It ght be suggested, for example, that men and
women assign different utilities to travel time. Test this hypothesis, separate travel time
parameters could be estimated for men and womeea. aloption of this model structure is

sometimes referred to as “stratification”.

A large number of multinomial bridge choice modelsre tested. Only three of the more
interesting ones are presented here. The first hexignates separate utility functions for each
direction of travel (inbound vs. outbound). The lexjatory variables are: the Euclidean distance
from the trip origin to the bridge entrance in kiletres (access distance); the Euclidean distance
from the bridge exit to the destination in kilonesti{egress distance); a variable which is 1 if the
bridge is connected to the freeway network andh@mtise (freeway network); the free flow
travel time of the trip based on an all-or-nothaggignment (free flow travel time); the deviation
from the shortest path. This last variable (simitaone constructed by Frejinger (2008)) has a
value of 1 if the path in question has the smaliestel time among the available options. If the
path in question is not the shortest, then theab#ei () takes a positive value less than 1. It is
calculated for bridgeand traveller as follows:
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min (t € T;)
dy=—"7—" (2.13)

J
wheret; is the travel time using bridgeandT; is the set of travel times corresponding to the
bridges available to traveller These variables are stratified by direction (imid or outbound)
based on the assumption that drivers leaving Mahttering the morning peak period follow a

different decision process than the drivers engerin

The estimation of Model 1 generates a set of pntibab associated with each bridge choice.
For the purpose of generating vehicle volumes @nhihdges, each vehicle is assigned to the
bridge with the highest predicted probability (itee highest estimated utility). This all-or-
nothing assignment is used to compute bridge voduridese predicted volumes are then
divided by the observed volumes to generate aiZatibn ratio”. This new variable is added to
the utility functions of Model 2. The dependentighte in Model 2 is the bridge choice pattern
predicted by Model 1.

The estimated parameters of both models are shawhable 2.11. All the parameters are
statistically significant at the 5% confidence mtd and have the correct sign. The relative
magnitudes of the directional access and egressneders suggest that distance accumulated on
the island of Montreal offers considerably moreutidgy than the off-island portion of the trip.

In addition, a bridge connected to the freeway petwappears to be more attractive than a
bridge which is not. This effect may be relatedhe greater capacity of freeways relative to
arterial roads. The addition of a variable to actdar capacity constraints (the utilization ratio)
is statistically significant but adds little to te&planatory power of Model 2. Thé coefficients

for both models are close to 60%.
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Table 2.11: Estimated parameters of two multinoneigit models of bridge choice

Model 1 Model 2
Value at
mean Coefficient z p Coefficient z p
Access distance (km)
Outbound 7.668 -0.338 -9.36 0.0q0 -0.399 -10{35 0M@.p
Inbound 9.677 -0.192 -11.6Y  0.000 -0.178 -10{48 00.0
Egress distance (km)
Outbound 8.653 -0.114 -3.08 0.0Q92 -0.137 351 ©@.00
Inbound 8.210 -0.259 -16.29  0.000 -0.28 -1692  0.00
Freeway network (1 or 0)
Outbound 0.620 1.851 18.7¢ 0.0q90 2.84 23.p7 0.p00
Inbound 0.581 1.135 28.1 0.000 2.138 28.f2  0.000
Freeflow travel time
(minutes)
Outbound 20.411 -0.256 -4.06 0.0q90 -0.329 -4.94 00.9
Inbound 21.738 -0.159 -5.43 0.000 -0.23 -7.%4  0.000
Deviation from shortest
path
Outbound 0.969 4.229 3.26 0.041 3.065 2.29 0.022
Inbound 0.975 6.189 9.44 0.000 5.509 8.21 0.000
Utilization ratio 1.000 -2.196 -16.81] 0.000
LL o -13860 -13860
LL ¢ -5675 -5529
p? 59.10% 60.10%

The relative importance of an explanatory variatde be further evaluated by computing the
utility weight at its mean value. A graphic of sua evaluation applied to Model 1 is shown in
Figure 2.30. Note that the figure shows absolutéglts. No distinction is made between
positive and negative values of utility. Of partauinterest are the differences between the
inbound and outbound utility functions. The mosfpaortant variable for inbound trips is the
deviation from the shortest path which accountsofaer 40% of the total utility. For outbound
trips, the free-flow travel time dominates. Theesxand egress variables are also worth noting.
A typical outbound driver receives more than twasemuch disutility from the access segment
than the egress segments. An inbound driver medewdteives more disutility from the egress
segment than from the access segment. Both th@wudbaccess and inbound egress segments
represent portions of the trip which are made @nl#fand of Montreal. This suggests that the
Montreal network, as opposed to the off-island slbé@n network, plays a dominant role in the
choice of bridge. It also suggests that auto-travethe island is more troublesome than auto-

travel off the island.
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Figure 2.30: Utility weights of explanatory variablfor Model 1

A more detailed assessment is provided by the s@riumatrix (Table 2.12 and Table 2.13).
Note that, by the conventional standard of theatation coefficient (90% and 96% for Model 1
and Model 2, respectively), both models are exoetli®r reproducing observed volumes.
Considering their simplicity, they also display ostg predictive power in that they each
reproduce around 75% of observed choices. Thetaffetbe utilization ratio (a proxy indicator
of congestion) is clearly seen in the reductioPoirrror of bridges which do not carry freeways,
particularly the Victoria (1302), the Viau (140X)cathe Lachapelle (1404). In all three cases, the
addition of the utilization ratio brings the % ermoser to zero and increases the % correctly
predicted. An interesting effect is observed on twbrid bridges (1402 and 1403, which are
classified as freeways at one end and as arteaalsrat the other) whose % error becomes zero
in Model 2. Despite a better match with observeldlmes, however, the correct prediction rate
increases only slightly for bridge 1402 and actudkcreases in the case of bridge 1403. This
finding recalls the more general result that anrowpment in the representation of one facility
usually comes at the expense of the representatianother. The Jacques-Cartier Bridge (1303)
and the Victoria Bridge provide an example of ghiienomenon. The correct prediction rate of
the Jacques-Cartier falls from 69.9% in Model 16@8% in Model 2 while the correct
prediction rate for the Victoria rises from 39.484t5.3%.



Table 2.12: Confusion matrix for Model 1.
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Number of trips Modeled bridge
Screenline| Obsenved bridgg 1301 1302 1303 1304 15p1401 1402 1403 1404 1405 14p6 1503 1504 1601 [1602 TQTAL % EORR
1301 667 25 54 24 8 778 85.7%
1302 100 142 104 14 360 39.4%
South Shore 1303 128 48 579 73 828 69.9%
1304 15 2 78 619 714 86.7%
1501 47 2 5 495 549 90.2%
1401 118 38 15 1 66 5 243 48.6%
1402 29 285 120 125 1 560 50.9%
- 1403 8 71 512 60 3 654 78.3%
1404 3 7 2 57 123 21 213 26.8%
1405 3 90 49 4 7719 60 1018 76.5%
1406 1 7 11 20 213 754 1007 75.0%
—_— 1503 386 22 408 94.6%
1504 45 466 511 91.2%
East 1601 17 118 135 12.6%
1602 1 46 2 2 554 605 91.6%
TOTAL 957 217 817 735 508 195 499 755 82 1366 $47 431 |88 19 |67283 §5 74.9%
% ERROR 23% -40% -1% 3% -8% -20% -11% 15% -62% 34% -16% 6% |-5@%-81%|90.2%| 23.6%
R2 RMSE
Table 2.13 : Confusion matrix for Model 2
Number of trips Modeled bridge
Screenline| Obsenved bridgg 1301 1302 1303 1304 15p1401 1402 1403 1404 1405 14p6 1503 1504 1601 1602 TQTAL % EORR
1301 668 34 41 27 8 778 85.9%
1302 97 163 75 25 360 45.3%
South Shore 1303 132 74 520 102 828 62.8%
1304 6 3 61 634 714 88.8%
1501 51 1 6 491 549 89.4%
1401 127 34 13 2 60 7 243 52.3%
1402 36 318 80 1 121 4 560 56.8%
el 1403 13 97 484 54 6 654 74.0%
1404 3 8 72 102 28 213 33.8%
1405 47 93 31 16 755 76 1014 74.2%
1406 2 5 9 23 173 79 1007, 78.9%
West 1503 386 22 408 94.6%
1504 43 468 511 91.6%
- 1601 20 115 135 14.8%
1602 1 3 34 1 2 4 560 605 92.6%
TOTAL 964 274 698 794 499 229 558 651 114 1266 918 429 [490 24 |67583 75.3%
% ERROR 24% -24% -16% 11% -9% -6% 0% 0% -46% 24% 19% 5% 4% -82%|95.9%| 19.0%
R2 RMSE

Models 1 and 2 were based on “simple” variablesh sag straight line distance and free-flow
travel time. A more sophisticated formulation inamrates some measure of traffic congestion.
In Model 3, the link travel times are based ondht collected using GPS-equipped para-transit
vehicles (see section 2.3.3.3.2). Unlike a regutaffic assignment model where network

congestion is a predicted output, congestion is thodel is an exogenously-specified input
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based on observation. The travel time of each gafiegmented into access, bridge and egress
components. In addition to being stratified by dii@n, the travel time variables are also
stratified by screenline. The estimated parametekodel 3 are shown in Table 2.14. The signs
of all travel time variables are negative exceperehthe coefficient is not statistically different
from zero (inbound on the West screenline for thelge portion of the trip). Only two
coefficients are not statistically different fromad the 95% confidence interval. The pseudo r-

squared is just under 61%.
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Table 2.14: Estimated parameters of Model 3

Explanatory Value at
variable Direction Screenline mean Coefficient z p
Congested access time (minutes)
Inbound S. Shore 17.71 -0.257 -13.56  0.9o0
Laval 17.34 -0.342 -19.71  0.000
West 20.22 -0.127 -1.48  0.139
East 24.49 -0.126 -3.88  0.040
Outbound S. Shore 25.08 -0.210 -30.98 0.000
Laval 21.26 -0.292 -37.28  0.000
West 19.89 -0.326 -14.61  0.040
East 17.23 -0.324 -11.96  0.000
Congested time on the bridge (minutes)
Inbound S. Shore 17.37 -0.166 -2.23 0.026
Laval 4.09 -0.226 -5.06  0.00D
West 3.77 0.824 1.09 0.277
East 4.08 -0.204 -3.32  0.001
Outbound S. Shore 16.28 -0.124 -11.93  0.000
Laval 4.42 -0.175 -9.69  0.00D
West 4.49 -0.153 -2.44  0.01p
East 5.96 -0.205 -6.19  0.000
Congested egress time (minutes)
Inbound S. Shore 20.48 -0.172 -12.55  0.9o0
Laval 15.99 -0.243 -14.99  0.000
West 19.69 -0.279 -4.36  0.000
East 17.69 -0.225 -5.87  0.040
Outbound S. Shore 14.83 -0.266 -31.07  0.000
Laval 18.84 -0.280 -38.61  0.000
West 25.09 -0.177 -4.72  0.000
East 32.33 -0.116 -5.99  0.040
LL o -13860
LL ¢ -5420
p° 60.90%

Figure 2.31 shows the composition of each of thail8y functions specified in Model 3. The
weight of each explanatory variable is computechgisis mean value. The total disutility for
each screenline-direction is also shown. For indaumips, the access portion carries the greatest
utility weight for all screenlines. The utility wgdts for outbound trips display greater variability
but the access segments dominate on the South @hdrdéaval screenlines. The prevailing
importance of the access portions of trips is iative of the queues which develop upstream of
the bridges during the peak period. The total disuis representative of the inconvenience
associated with each screenline. The inbound dwectall have higher disutilities than their
outbound counterparts due to the higher levelsaffi¢ congestion.
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The finding that the access portions of inboungkstdarry greater weight in the choice of bridge
than the egress portions appears to contradict iMddand 2. This inconsistency results from the
independence of Euclidean distance from congeste@lttime. It is possible that the disutility

associated with travel on the Island of MontrealModels 1 and 2 is not related to traffic

congestion. The density of traffic signals, thevptence of one-way streets and turning
restrictions as well as the presence of buses Hrat beavy vehicles may all have an influence
on the choice of bridge and their aggregate effantbe captured using the straight-line length of
Montreal part of the trip. An average congestederaime, on the other hand, does not

necessarily account for these phenomena.

Utility function composition by strata
100% - - 14
S 90% - I P
G 80% | &
S 70% | 10 €
S 50% - oy
8 40% - . -
> 20% - =
:T:E’ 10% - [ 2 5
0% 0
South Laval West East South Laval INWestIN East IN
Shore OUT OUT OUT Shore
ouT IN
Utility functions
M Access M Bridge Egress O Total Disutility

Figure 2.31: Utility function composition for Modal

The confusion matrix of Model 3 (Table 2.15) dentaates its predictive power. Nearly 76% of
all observed responses were successfully reprodWg@t exception of the Victoria Bridge in
Model 2, the non-freeway bridges are better reptesethan in the first two models. With
respect to the predicted and observed bridge fldvescoefficient of determination (r-squared) is
98.0%. The small magnitude of these differencgeerbaps surprising given that Models 1 and 2
use unrealistic travel times and straight-line atises while Model 3 uses travel times derived

from direct observation.
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Table 2.15 : Confusion matrix for Model 3

Number of trips Modeled bridge
Screenline| Observed bridgg 1301 1302 1303 1304 15p1401 1402 1403 1404 1405 14b6 1503 1t304 1601 1602 TQTAL % EORR
1301 610 36 85 24 23 778 78.4%
1302 85 155 107 9 4 360 43.1%
South Shore 1303 85 53 637 51 2 828 76.9%
1304 7 2 8 619 4 714 86.7%
1501 25 2 2 520 549 94.7%
1401 144 39 8 2 41 9 243 59.3%
1402 58 344 54 89 15 560 61.4%
Laval 1403 19 120 439 1 66 9 654 67.1%
1404 1 11 1 79 75 36 213 37.1%
1405 77 107 18 18 664 134 1014 65.2%
1406 9 15 8 27 101 847 1007] 84.1%
West 1503 369 39 408 90.4%
1504 27 484 511 94.7%
East 1601 23 112 135 17.0%
1602 1 23 3 14 564 605 93.2%
TOTAL 812 246 913 705 558 318 637 551 127 1039 1050 396 |523 37 | 68683 75.7%
% ERROR 4% -32% 10% -1% 1% 31% 14% -16% -40% 2% #% -3% [2% -73% |[1P8H0% 12.2%

R2 RMSE

2.5.1.2 Summary

In terms of predictive power, the adoption of ad@m utility approach to the modelling of
bridge choice produced somewhat better results twanall-or-nothing assignment. The
hierarchical structure of the road network was tbtm have a statistically significant influence
on the choice process. A proxy indicator of conigesiscaled to account for the sampling rate of
the travel survey, was also statistically significalthough its explanatory power was small
when other variables are included in the modelefi@v travel time and straight-line distance,
two very easily-calculated quantities, were fouwndhiave strong explanatory power. These
results raise questions about the importance ofestion in the choice of bridge, especially
those which carry freeways. The users of thesegbsichre often captive since the available
alternatives, which imply either lengthy detours gmeater impedance, are not adequate
substitutes even under congested conditions. Bal&zation in turn suggests that the assumption

of a user-equilibrium, as traditionally conceivethy be worth re-examining.

Even though the models presented in this sectienrardels of discrete choice, their output can
be processed to give results which are identicdhtse of a typical traffic assignment model.
The predicted paths can be aggregated over lingsnerate link flowsfs).
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— a a _ (1liflink ais part of path 2k
Ja = Z 2 JakOay where 0g, = { 0 otherwise (2.14)

This information can be expressed as a thematic(Figpre 2.32) which is the typical output of

traffic assignment simulators.

Figure 2.32: The assignment of modelled choicdebdaletailed network.

The estimated parameters of these discrete chaickels provide clues as to the way in which
drivers perceive the network. The process justriest demonstrates how observed behaviour
can suggest unobserved characteristics of themetwbrk, in this case the higher impedance of
the Montreal network relative to the suburban nekwand the existence of queues upstream of
some bridges. These phenomena are detectable babauall-or-nothing assignment algorithm
generates complete trip itineraries given the ahat bridge predicted by the discrete choice
model. Each itinerary has numerous attributes sisckhe time of departure, the duration, the
length, the sequence of links used, and the timarafal. It is possible to imagine trip
characteristics which contribute to the calculatafinimpedance, such as the number of stop
signs and traffic signals encountered, the numbeigbt turns, the number of left turns, and so
on. In order to examine these aspects of automdtdailel, it is necessary to examine the traffic

assignment model in greater detail.
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2.5.2 Traffic Assignment with TRANSIMS

In practice, the development of a traffic assigntmeadel requires a considerable amount of ad-
hoc adjustment. Moreover, these adjustments doredilon efforts can be performed along many
dimensions. The link capacities, speeds and voldet@y function parameters are all quantities
specified by the analyst. In aggregate models, rtbmber and configuration of centroid
connectors constitute additional modifiable parargetThe demand matrix can also be altered to
better fit observed flow patterns. These typestdriventions are often performed manually and
are poorly documented, if at all. The results aftsefforts become difficult to justify and even
more difficult to repeat, thus limiting the poséilyi of scientific experimentation. In the intersst
of clarity and transparency, a more systematic @garous method for constructing a useful
model must be developed. The goal of this sectoto idemonstrate the potential of a totally

disaggregate traffic assignment model to contribotéis evolution.

TRANSIMS is an open-source software package dedigioe performing activity-based
transportation simulations, although its developeay have overlooked its greatest potential as
a planning tool. It can be argued that the modglbhindividuals at the microscopic level has
little utility in the absence of real data whichsdebe how people interact with their environment
on a very small scale. Even if such data were abk| the development of mathematical models
to represent and reproduce the observed behavioutdwequire an almost unimaginable
interdisciplinary effort. Among the many questiomich would need to be addressed are: How
is a vehicle shared among household members? Htam db people go for groceries? How
much do they buy? What size of vehicle do they fieddw is the decision to go grocery
shopping influenced by household structure? To wddéent do people modify their travel
behaviour to accommodate other household membelsl®2 Wis unreasonable to expect that a
model which accurately predicts these behavioungnpmena at the resolution of individuals
and on the scale of an entire metropolitan couler de constructed, it is possible that these
guestions are unimportant. A central concept imgpart planning is the representation of
“average” behaviour. The travel behaviour of induals varies significantly from day to day,
week to week and month to month. However, in tieesway that the behaviour of a gas can be
reliably predicted without accounting for the eelyr random behaviour of its constituent

molecules, it is not necessary to explicitly acdofor unpredictable variations in human
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behaviour when an estimate of a statistical medheonly useful result. This is surely the case

for forecast horizons which extend many years théofuture.

From the perspective of the current study, TRANSI8I8specially noteworthy in two respects.
First, it can generate large, detailed logistiomweks, including control systems, automatically
from easily obtained spatially-referenced databadetsansport infrastructure. Second, it does
not make use of an OD matrix but rather assigms tiiom the point of origin to the point of
destination. In this regard it is a totally disaggpte traffic assignment model. Because the
assignment procedure conserves paths of individlaaélers, the model is structured in such a
way that it is possible to associate a househtddnembers and their attributes to particular road
facilities through the simulated travel behaviolihe model is well-suited to application in the
Greater Montreal Area since the region is peridbicaubject to a large sample origin-
destination survey. The totally disaggregate stmgcof this travel demand database obviates the
need for the population synthesizer and activityjegator components of the TRANSIMS

package.

The structure of the TRANSIMS traffic model is suammed in Figure 2.33. The model uses
information describing transportation supply anchédad and generates as output information on
consumption. The representation of supply inclualéshe relevant components: nodes, links,
movements and control systems. Vehicle trips emdslafined by the location of parking lots
and person trips ends by the location of activitAdivities are connected to parking lots using
artificial links which are somewhat analogous tonto@id connectors in the traditional
assignment model although they represent portibtiseotrip which are completed on foot. The
representation of demand has the household-perigosttucture identical to the structure of
travel information in the Montreal travel surveyehicles of various types are explicitly
represented and are associated with particulas, thipvellers, and households. The demand and
supply information is used as input to a traffimslator whose detailed functioning is described
later. The simulator generates large quantitie®uiput data which fully describe individual

travel patterns (trip plans) as well as detailetidators of network performance.
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Structure of TRANSIMS traffic modelling data
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Figure 2.33: Structure of traffic simulation dataliRANSIMS

The goal of this section is to develop a simulatioad network that reproduces, as closely as
possible, the declared bridge choices of survegamsents. A network which reproduces the
declared choices exactly would be a model of tlagl <ystem agerceivedby its users. A second
requirement is that the network should be constduaising a minimal amount of manual
intervention while maintaining a maximum amount d#tail. The simulation network is a
composite of two independent sources of data deegriroad infrastructure in detail. The first
data source is fairly accurate in its representattb road geometry but provides a minimal
amount of information on the attributes of its cament links. The second network is coded to a
high degree of geometric accuracy, its links areated and it is designed for the purpose of
transportation simulation. Both networks containtually every road segment in the Greater

Montreal Area. The second network contains sufficiaformation to permit the synthesis of an
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artificial control system. The simulation networkinctherefore be adopted within a dynamic

microsimulation framework or using a variant of tridume-delay method.

2.5.2.1 Representation of supply

TRANSIMS’ path-finding module accepts input as d@&s in text or binary format. Interactive
visual representation of input and output is acdmhed through the use of the NEXTA
visualization software  www.civil.utah.edu/~zhou/NEXTA_for TRANSIMS.htinl or

TRANSIMS modules which convert the data files inghp format readable by any GIS

application. The two sources of network data usedhe present model were summarily
described in section 2.3.2. This section describes integration into the TRANSIMS platform

in more detail.

The GEOBASE representation is based on a digitiziedlet network distributed freely by
Natural Resources Canada through GEOBASE semwigsv(geobase.gaThis network contains
almost all the streets in Greater Montreal, represk by 116,567 bidirectional links which

connect at at-grade intersections. The network dussinclude a database of nodes. The
geometry is accurate in most places (although taezesome major inconsistencies) and each
link is classified according to a functional hieray. The network which represents the Montreal
region lacks important logistical information, pauiarly the designation of one-way streets and
their orientation. Street names are not preseneeiiThe number of lanes is indicated, but since

link directions are not specified, this attribuseof limited ultility.

The Poly network is based on the road simulatidwork developed by Groupe MADITUC at
Ecole Polytechnique de Montréal., it includes ditiks. It represents almost every street in the
Greater Montreal Area and each link has functiateds and direction attributes. It is composed
of 500 905 directional links. Like the GEOBASE netW, there is no database of nodes. The
large number of links is due to the fact that eladh is a straight line with no vertices and the
network is drawn in a way that is as faithful asgble to the real geometry. This network was
subject to some considerable processing duringniegration into the TRANSIMS platform.
The pairs of directional links representing two-walreets were simplified to single bi-
directional links, thereby reducing the numberioks$ to 277 263. The TransimsNet module was
then used to convert nodes which connect exactylitvks into link vertices. The application of

this module brings the total number of links to ZX2¥ and the total number of nodes to 69 896.
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Although geometrically detailed, both networks lacformation generally considered essential
for microscopic simulation. To begin with, no infeation on the traffic control system (signals
and signage) is included. Turning restrictions,eotthan those dictated by one-way streets, at
intersections are absent. The number of lanes ch &ak and the lane configuration at
intersections are excluded as well. Even if theessary data were available, the incorporation of
these elements would require more labour than #ifigd by a research experiment.
Nevertheless, an effort was made to representihadior bridges, in terms of number of lanes,
free speed and traffic signal locations, as acelyas possible. Moreover, since the simulated
demand constitutes only a small subsample of a ®&3sdhold survey, a complete representation

of the network seems redundant.

It has already been shown (section 2.4.3.4) thatvélidated bridge-using trips in the travel
survey comprise a scaled demand for travel on tleombridges. Also, section 2.4.2
demonstrated that bridge volumes obtained usingstita of trip record expansion factors
(weights) were systematically lower than the volsrobtained by roadside counts and that the
differences between the two measurements arewdthle to the significant differences between
the two data-collection methods. Rather than attetmprender compatible two independent
sources of information by expanding sampled traleshand to the population, the supply is

scaled to conform to the survey.

In a modelling framework governed by volume-delagdtions, it is possible to scale the supply
to match the demand since the travel time on adegends entirely on the ratio of volume to
capacity for a given time period. One method falisg the bridge capacity is to assume that the
bridge can accommodate the entire peak period de¢rogser the entire duration of the peak
period. In other words, without making any assuonsiabout the distribution of demadidring

the peak period, each bridge is assumed to be gested at 6 a.m. and is also uncongested at 9
a.m. Congestion occurs because of the non-unifestrittition of demand over the three hours.
The three-hour capacity of facility in directiona is therefore set equal to the number of

declarations N/*) in the travel survey corresponding to the usefaaility j in direction a.
Consequently, the hourly capacity of bridgen directiona (c/') is simply the number of

responses during the entire three-hour period ddsioly 3. Inbound capacities (onto the Island of

Montreal) are calculated using this method. Outllowapacities (exiting the Island) are
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computed based on the ratio of the number of inbdanes ((i,) to the number of outbound

lanes oy Ssince congestion in the outbound direction isuasd to be negligible. In other

words:
N.in
i j
ij = T (215)
_ pfut
t _ j
7 =q" i (2.16)

The static assignment also requires a free-flovedger each link. The free-flow bridge speeds
were based on the posted speed limits. The mictsatian requires that the number of lanes of
a link be indicated explicitly. The complete ligt the number of lanes, scaled capacities and

specified free speeds is shown in Table 2.16 below.

Table 2.16: Specified bridge parameters for tradsignment

SCALED CAPACITY | SPEED

BRIDGE LANES (veh/h) (km/h)
In  Out In Out

CHAMPLAIN 3 2 207 138 70
VICTORIA 2 0 120 0 50
JACQUES-CARTIER 3 2 235 157 50
LAFONTAINE 2 2 165 165 70
MERCIER 2 2 151 151 70
GALIPEAULT 2 2 125 125 100
ILE-AUX-TOURTES 3 3 153 153 100
VIAU 2 2 69 69 50
PAPINEAU 3 3 149 149 100
PIE-IX 3 3 172 172 100
LACHAPELLE 3 3 61 61 50
MEDERIC-MARTIN 4 4 269 269 100
LOUIS-BISSON 4 3 280 210 100
LE GARDEUR 2 2 41 41 50
CHARLES-DE-GAULLE | 3 3 183 183 100

In a microsimulation, network scaling is less gfhdiorward. Link capacity is not an exogenous
parameter but rather a result of a simulation ipoating dynamic queuing of individual
vehicles. The length of a queue depends on the eunfldanes and the lengths of its composite
vehicles. Since the number of lanes is always dlsntager, it cannot be scaled to the level of
the survey (i.e. the number of lanes on a spelnificcannot be divided by 25). In principle, the

vehicle length is a more workable option for a isgplparameter. If, however, the sample of
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observed vehicles is small, as in the present thsesehicle length can easily be on the order of
hundreds of metres which, in addition to being ahséc, is also longer than many of the links

in a detailed network.

The primary interest of microsimulation in the mesresearch is to explicitly simulate the
control system, rather than attempt to derive atitnde of distinct volume delay functions to
properly represent the urban street system. Usddii® describing the signage and signals on
Montreal-area streets were not available, so arabrstystem was synthesized using the
TransimsNet and IntControl modules in TRANSIMS. AsinsNet generates signal warrants for
intersections according to a user-specified coterior this experiment, a traffic signal warrant
was applied at all intersections where both roatb d functional class of “collector” or higher.
The result was 4,446 signalized intersections battotal of 69,896 nodes. Intersections without
signals were assigned stop or yield signs depenalinthe intersection geometry. A sample of
this synthesized control system is shown in FiguBd. Traffic signals are green dots, stop signs
are red dots and yield signs are yellow dots. Tfi€dntrol module generates phasing plans
based on a user-specified cycle length. A valugOo$econds was used here, since it is the most
common cycle length in the city of Montreal. The@n time is apportioned between approaches

based on the capacity of each.
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Figure 2.34: Downtown Montreal as represented bystmulation network.

2.5.2.2 Representation of demand

Demand is derived directly from the 8,583 trip melsoin the validated sample of the Montreal
travel survey. Although TRANSIMS does not employaigin-destination matrix and assigns
trips between points in space rather than betweee zentroids, it assumes that demand will
initially be input as a matrix. The trip file issasned to be produced through a synthesis process.
The travel survey obviates the need for these stapd implies certain methodological

adjustments.

TRANSIMS represents automobile demand using theparsite files: trips, vehicles and vehicle
type. The trip file structure is very similar teetBtructure of the Montreal travel survey database.
Each trip has a point origin, a point destinatiod a departure time. Each traveller belongs to a
specific household and is assigned a specific \@hgince TRANSIMS was conceived to model
the activities of an individual constrained by naietion with other household members, the two
most important trip attributes are the householthioer and the vehicle number. In the travel
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survey, each household has a unique identifier vlsieasily preserved in the TRANSIMS trip
file. The survey also provides a unique identifier each trip (called IPERE) linking the trip
with its attributes, as well as the attributeshef traveller. It is therefore essential that thERE

be preserved. TRANSIMS does not provide a uniqgige itlentifier. The IPERE is therefore
stored in the VEHICLE field. The same identifieresployed in the vehicle table. The vehicle
type table allows for the definition of differenthicle classes, each defined by their length, their

maximum speed and their maximum acceleration andleetion rates.

2.5.2.3 Supply-Demand interactions

TRANSIMS simulates traffic through a feedback loogtween an all-or-nothing assignment
module (the Router) and a link performance caloulathich computes average link travel times
for time intervals of user-specified duration. TReuter generates, for each trip, a trip plan (or
itinerary) composed of a sequential list of linksnodes. The trip plan file is used as input to the

link performance calculator. The complete simulafpwocess is summarized in Figure 2.35.

Two options are available for computing volume-degant link travel times. The first method
employs a traditional volume-delay function usihg LinkSum module. The second method is
the simulation of individual vehicles using a cildautomata model using the Microsimulator
module. It is important to note that, regardlessmbich method is adopted, trips are routed
through the network from the point of origin to f@nt of destination beginning at the indicated
departure time. No origin-destination matrix is diséAfter the initial routing and link
performance calculation, a third module (PlanCompaobmpares the travel times of the initial
plans with the travel times of the same plans basedhe updated travel times. Trips with
significantly different travel times are selected fe-routing in the next iteration. The itinerarie
of all other trips are conserved. At each iteraboiy a subset of trips is rerouted. The complete
set of trips is considered in every link performamalculation. Ideally, the algorithm converges
toward a stable solution. The stopping criterioreither a specified number of iterations or a
number of rerouted trips which is deemed suffidiersimall. An additional module (called
LinkDelay) can be used to average link travel tirbesveen iterations, thereby attenuating the
effect of shifted demand on travel cost and, inq@ple, improving the rate of convergence.
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Figure 2.35: Summary of the TRANSIMS traffic assiggnt algorithm

The structure of the TRANSIMS traffic assignmentam® that microsimulation and volume-
delay simulation methods are merely two alternapvecedures for representing delay on a
congested network. For the purposes of routingstriprough the network, both the
Microsimulator and LinkSum modules produce dynaoutput: average travel costs per time
interval. Apart from the algebra used to represenigestion, the primary difference between the
macro- and micro-simulations is the input data. e Molume-delay function, which can be
applied globally or specified for a particular lijnk composed of a free-flow travel-time, a link
capacity and at least one calibration parameteg.filcrosimulator has no explicit volume-delay
function but the relationship is represented by ladificial parameters. These variables include
characteristics of the roadway (link length, numbgftanes, free-flow speed, control system),

characteristics of the vehicle (length, acceleraanod deceleration rates, maximum speed) and
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characteristics of the driver (perception-reactiome, aggressiveness, lane-changing behaviour).
It is not immediately obvious which of the two meds is preferable for the analysis of bridge
choice. While the level of detail in a microsimubat is a more realistic representation of traffic
— particularly with respect to the incorporation wéffic signals — it is also much more
demanding in terms of the number of hypotheseswimast be verified. The amount of coding
is far greater than that which is required by theemmore simplistic macro approach. According
to the TRANSIMS documentation however, it is notessary to choose one over the other.
Both methods can be incorporated in a single sinoma

2.5.2.4 Model Output

The visualization of TRANSIMS results is independef TRANSIMS itself. The software
generates text and shapefiles as output. Both floesegts can be easily read by a wide variety
of common platforms. The NEXTA program generategplgics based on TRANSIMS text files,
although it can be cumbersome when the networkaigel TRANSIMS generates totally
disaggregate simulation results which permit a iggtapost-mortem of the traffic modelling

process.

2.5.2.4.1 Paths

The complete list of links which make up a path stared in a trip plan file. Each itinerary can
be mapped. One pertinent application resulting ftbim arrangement is the rapid identification
of facility users without resorting to the time-smming “select-link” simulation. Figure 2.36

shows all the paths taken by users of the Pie-liid#r (circled in red). Note that, because trips
are assigned point-to-point to a complete road oktwthe graphic is far more detailed than
those typically generated by aggregate simulat@réen appropriate information, the duration
and length of each itinerary can be compared tervksd travel times to test the veracity of the

model.
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Simulated path

Figure 2.36: Paths taken by users of the Pie-IXidg¥i

2.5.2.4.2 Link Performance

TRANSIMS computes link volumes, speeds, occupancjesue lengths and measurements of
delay, all of which are standard output in modélsoad traffic. Figure 2.37 shows an example
of link flows generated by the assignment of tla@et survey subsample to the detailed network.
Figure 2.38 shows the link delays produced by aasimulation. In the figure, the concept of
delay is expressed as a ratio of the simulatedesiag travel time to the free-flow travel time.
The travel time ratios are calculated for a fifteemute interval (7:30 — 7:45) during the a.m.
peak period. Traffic signals are represented bg dlots. In this case, delay is the ratio of thie lin
travel time under free-flow conditions to the siated link travel time. Since the

microsimulation parameters were not scaled to mdarhand, the major bridges and freeways
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experience no delay. The delay visible on the uroan network is entirely due to the presence
of traffic signals.

The differentiation of results by time interval adls for the construction time-varying link
speeds (Figure 2.43) and, by extension, a netwackedule”. In theory, this schedule could be
provided as an exogenous input based on directnadigen. In practice, the schedule is
constructed by computing link costs using eitheolame-delay function or a microsimulator. In
the models presented below, 15-minute time intenaale used to calculate average link

performance statistics.
i

o

%\‘ Q\‘)\“ Q'\? ¢*~

oo

O .*ga’;,ﬁe- WS .
L. _ﬂ" -,l J.Q 0y .‘*

Link Volumes

v
-T 500 trips

Figure 2.37: Flow map produced using a totally gigagate assignment of bridge traffic for the
a.m. peak period
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Figure 2.38: Link delay 7:30-7:45 as generated hy@aosimulation.

2.5.2.5 Analysis of itineraries

The output of the TRANSIMS simulation allows foretilose examination of individual trips.

Such an exercise provides some insight into theaxi@vel factors that influence the choice of
route and the choice of bridge. These factors cardétected by comparing the predicted
itinerary of a trip with the itinerary correspondito the information provided by the traveller in
cases where these two itineraries are not the skmaher words, incorrect predictions of the

model are used to gain insight into traveller bémav

For the purposes of illustration, the detailed gsial of an itinerary is based on the simulation
and validation models described in section 2.4.FHese models are simple all-or-nothing
assignments without congestion or traffic sign@lse trip was chosen from the 133 trips that
were assigned to the Jacques-Cartier Bridge bueality used the Champlain (see Table 2.8).
The trip originates in the suburban community ofH8bert (Longueuil) and is destined to a
location east of downtown Montreal. The travelkerai 28 year-old female leaving her home at
6:00 in the morning to go to work. Figure 2.39 shovior the selected trip, the itineraries
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generated by the simulation and validation modélsletailed comparison of the two itineraries

suggests reasons why the traveller chose a roffiéeettit from the one proposed by the model.

Destination

Jacques-Cartier Bridge

g

Champlain Bridge

Trip number
Age

Sex

Household size
City of residence

City of destination

Trip purpose
Departure time

Departure from
home

Declared bridge
Simulated bridge

127414
28
Female
4
St-Hubert
Montreal
(South-East)
Work
6:00

Yes

Champlain
Jacques-Cartier

/\;igin
= V/alidation path

Simulation path

Figure 2.39: Comparison of simulated and validatiedraries for a single trip

A summary comparison of the two itineraries is shaw Table 2.17. The table shows the
distributions of distance and time over the differéunctional road classes, as well as a
compilation of all the turning movements requireccomplete the trip. The validation itinerary
corresponding to the declared bridge choice iskidnetres (23%) longer than the simulated
itinerary. The travel times for the two routes ammparable; 22.0 minutes for the validation
itinerary and 19.8 for the simulation itinerary.i¥means that the route chosen by the trip-maker
allows for travel at a higher speed than the raltesen by the model. Indeed, the validation
itinerary includes 12.2 km of freeway travel as aggd to 3.5 km of freeway in the simulation

path and the respective average speeds of theiheaaries are 63 km/h and 56 km/h.

The validation path requires 12 turning movemeniidesthe simulation path requires only 6.
Seven of the manoeuvres in the validation pathrigh#-hand splits and merges which, from the

driver's perspective, are theoretically less denrandh terms of time, attention and effort than
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right and left turns. In addition, the simulatioatlp requires two merges from the left — a
movement which is unusual on North American roadwoeks. The quantities of thru

movements are worth comparing also. The validagiath includes 71 at-grade intersections,
including freeway entrances and exits. By contrdst, simulation path involves 105 at-grade
intersections. Although true location of traffigsals along each route is unknown, it is very
likely that a driver following the simulation itingy using the Jacques-Cartier Bridge will

encounter considerably more red lights than ifdi@oses the Champlain Bridge.

Table 2.17: Summary statistics for the simulatedi\aalidated itineraries

VALIDATED | SIMULATED
Distance (km)
Local 0.8 0.7
Arterial 9.5 13.8
Ramp 0.6 0.6
Freeway 12.2 3.5
TOTAL 23.1 18.6
Time (min.)
Local 1.2 1.0
Arterial 9.9 15.1
Ramp 0.8 0.7
Freeway 10.1 3.0
TOTAL 22.0 19.8
Average speed (km/h) 63.0 56.2
Movements
Thru 71 105
Right split 4 0
Left split 0 0
Right merge 3 0
Left merge 0 2
Right turn 2 3
Left turn 3 1
TOTAL 83 111

Table 2.18 lists the turning movements of botheitaries in chronological order. The time and
distance elapsed between movements is includethllyi the validation itinerary seems much
more complicated than the simulation path. Twicemay movements are required and in
several cases the driver has 15 seconds or lesgdreimanoeuvres. Most of the movements in
the validation path, however, are simple merges splits when entering and exiting the
freeway. Left and right turns are required onlyret very beginning and the very end of the trip.
The simulation itinerary, meanwhile, requires rigntn just 11 seconds after a merge from the
left. The importance of these microscopic phenamienthe driver's choice of bridge merits
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further study. More network details such as lanafigarations and turning restrictions are

required for a more extensive investigation.

Table 2.18: Detailed descriptions of the simulated validated itineraries

VALIDATED ITINERARY SIMULATED ITINERARY
Elapsed Elapsed Elapsed Elapsed
Movement Time time distance (km) Movement Time time distance (km)

LEFT 6:00:51 0:00:51 0.6 LEFT 6:00:51 0:00:51 0.6
RIGHT 6:01:01 0:00:10 0.1 RIGHT 6:01:01  0:00:10 0.1
LEFT 6:02:59 0:01:58 2.0 RIGHT 6:05:26  0:04:25 4.4
R_SPLIT 6:04:26 0:01:26 14 L MERGE 6:11:04 0:05:38 6.1
R_SPLIT 6:04:38 0:00:12 0.1 L MERGE 6:15:00 0:03:56 3.4
R_MERGE 6:04:53 0:00:15 0.2 RIGHT 6:15:11  0:00:11 20
R_MERGE 6:06:28 0:01:35 1.3
R_SPLIT 6:10:48 0:04:20 5.2
R_SPLIT 6:14:22 0:03:34 4.1
R_MERGE 6:14:54 0:00:32 0.7
LEFT 6:20:03 0:05:09 5.7
RIGHT 6:20:43 0:00:40 0.7

Much of the above information can be summarized Bpace-time diagram (Figure 2.40). The
dotted lines represent the vehicle trajectoriespace. The hollow circles or squares indicate
positions where a turning movement is required. $&ees of connected squares indicate the
vehicle speed as a function of time. The most awidifference between the two routes is the
higher speeds experienced on the validation pattherMontreal side of the bridge. A vehicle
following the Champlain Bridge can continue to #bhat 70 km/h or 60 km/h until the final
minute of the journey. If the driver chooses theqiliees-Cartier, he is forced to travel 50 km/h for
the entire portion of the trip from the bridge exdatthe destination. These results are based on a
simulation without congestion. The effects of caigm on the choice of itinerary during the
access and egress portions of the trips are untiethie absence of additional observed route
information. As usual, the simulated traffic speads likely much higher than speeds on the

network but any adjustments in the absence of da@eed measurements would be arbitrary.
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Figure 2.40: Space-time diagram of the validatiod simulation itineraries

2.5.2.6 Incorporation of congestion effects

It has already been shown that an all-or-nothirsigasnent is capable of reproducing about three
qguarters of observed bridge choices. The explapgbower of this simple model was not

significantly improved by the incorporation of tiiafcongestion using unconventional methods.
In section 2.5.1.1, a discrete choice model wasniagtd that accounted for congestion through
utilization ratio applied to the major bridges. Almer model used congested travel times on
network links to compute the time cost of eachralive route. Here, a more standard approach
is adopted. Travel time on every network link islased to be dependent on traffic volume. The
relationship between volume and travel time camt@messed using a volume-delay function or
through the explicit representation of queues (asicnulation). In either case, the disaggregate

structure of the demand data must be maintained.

TRANSIMS provides a tool for performing iterativeapacity-constrained assignment of
individual trips. A ten-iteration simulation algtrm is summarized in Figure 2.41 below. The
process is initiated with an all-or-nothing assigminof travel demand to the minimum-time path

on the network. A delay mechanism is used to recaenjink travel times. During the first five
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iterations, link travel times are computed usingplume-delay function applied to all links that
have a non-local functional class. Local streets agsumed to be uncongested. Although the
model is not microscopic, it is not static eithEven when a volume-delay function is used to
represent congestion, TRANSIMS recalculates lirkvel times at regular simulation time
intervals meaning that travel times change ovecthase of the simulation period just like a real
road network. Fifteen-minute intervals are usethm simulations described below. A standard

BPR function is adopted for the calculatiort,gfthe link travel time during time intervat:

tm = to [1 +0.15 (%’”)4] (2.17)

Wherety is the link travel time under free-flow conditioné, is the link volume during time

intervalm, andC is the link capacity.

The last five iterations consist of a microsimuatwhich represents traffic signals and queuing
effects explicitly. This hybrid approach is recommded in the TRANSIMS documentation (see,

for example,http://code.google.com/p/transims/wiki/GettingStdRRur). At a given iteration,

the link travel times from the previous iteratiae aised to determine the shortest path for each
trip. If, for a given journey, the travel time calated in the previous iteration exceeds the new
travel time by an amount less thanthen the trip is not rerouted. Its assigned rdudaen the

previous iteration is used to compute link flows.

When travel times are calculated using a volumeyd&linction, it is possible to scale the supply
to match the 5% sample of demand (see section.2.%0R details). In this way, congestion
effects are generated on the major bridges. Bectingsseoad supply cannot be scaled during
microsimulation, congestion develops primarily aaffic signals on the urban network.
Congestion effects are therefore less importanindguhe microsimulation. In consequence, a
different value of€ is used for the two delay models. In the volumexdahodel, only trips
having an€ at leastc0% greater than the travel time from the previbeition are re-routed.
During microsimulation, trips having at least 10% greater than the previous travel ineere-

routed.
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Figure 2.41: TRANSIMS assignment/route choice pdoce

The goal of this research is to estimate consumpéeels based on the observed usage patterns
of major road facilities (bridges) which are theyagate result of many individual choices. It is
therefore important to examine the effects of tteeasimulation and congestion effects on the
model’s ability to reproduce observed choices. FegR.42 shows the evolution of the correct
prediction rate over the 10 iterations of the semioh for selected bridges and for all the bridges
together. Also shown is the number of trips re-edutetween iterations. Some of the new routes
result in a change of bridge. The number of tripat tchange bridge between iterations is

indicated as well.

Note that the total correct prediction rate (thackl dotted line) hardly changes throughout the
simulation. The correct prediction rates of induad bridges do fluctuate but an improvement in
the performance of one bridge usually comes atliteet expense of another (1303 vs. 1302 and
1401 vs. 1402). Also, although the number of rezdutips frequently exceeds 3000, the number

of trips which change bridge between iterationsenaeaches 1000. This means that, for many
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travellers, the increase in travel time due to estign is still less than the excess travel tina th
would result from the use of an alternative bridge.summary, the partial incorporation of
congestion into the model, despite having a sigaifi influence on the choice of bridge, does

not increase the total number of correct choicéipt®ns.
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Figure 2.42: Evolution of assignment results oveitiple iterations

Although volume-delay function employed in the ffigsiterations was not calibrated, the scaled
bridge capacities produce significant congestidacts. An example of these is shown in Figure
2.43 which represents the relationship betweenmelwand average link speed on the five
bridges of the South Shore screenline in the intalirection over the course of the simulation
period. The results are taken from iteration 5. rFobi the bridges experience significant
reductions in speed. The average speed of the NAcByidge remains stable since it attracts a
level of demand which is well-below its capacityhelrelative unattractiveness of the Victoria
Bridge is an unrealistic feature shared by théhallfacility choice models, including those based
on random utility. The difficulty in obtaining apeesentative result for the Victoria Bridge may
be attributed to its position roughly midway betwelee Champlain and Jacques-Cartier Bridges
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which, like the Victoria, provide access from thaugh Shore to the downtown core. The coding

of the street network at either end of the bridgs/ mlso play a role.

Simulated time-varying speeds on the five
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Figure 2.43: Time-varying link speeds and volumastize five major bridges of the inbound
South Shore screenline simulated using volume-delagtions.

The amount of simulated congestion can also besssdehrough an examination of the global
evolution of travel costs over the course of thakpperiod, as shown in Figure 2.44. Average
trip length is computed as the total vehicle-kilores travelled divided by the number of
vehicles and average speed is the total vehicteriatres divided by the total vehicle-hours. The
figure shows the simulated variation in averagp kengths and speeds over the course of the
a.m. peak period. The results of iteration 1 amdatton 10 are both shown. Although the
difference is small, average speeds are lowerdoh dalf-hour period in the {dteration than

in the first iteration, indicating the impositioi some congestion effects. Average trip lengths
(in kilometres) also become longer between the &gl last iteration. In addition, the average
trip length decreases with respect to time of d&ychv suggests the existence of a universally
preferred arrival time; people making long tripsshleave earlier in order to arrive around the
same time as the people making shorter trips. giemomenon is discussed further in Chapter 3.
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Figure 2.44: Simulated evolution of average netwapk&ed and average trip length over the a.m.

peak period

This simulation is meant to reproduce congestiortges and freeways using a conventional
volume-delay function, and then re-route some tigpaccount for the presence of traffic signals.
Despite the considerable additional modelling ¢ffothe incorporation of signals, the execution
of an iterative algorithm — the result with respéztbridge choice is no better than the one
obtained using an all-or-nothing assignment. The&fuion matrix for bridge predictions at the

10" iteration (Table 2.19) shows a correct predictiate of 74.1% that is identical to the rate

obtained at the end of the first iteration (thecathothing assignment the results of which are

shown in Table 2.8).

162
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Table 2.19: Confusion matrix for the iterative mb@esult at the end of the $ateration)

Number of trips Modeled bridge
Screenline | Observed bridgg 1301 1302 1303 1304 1501401 1402 1403 1404 1405 14b6 1503 1|504 1601 [1602 TQTAL % EORR
1301 519 84 130 21 24 778 66.7%
1302 46 188 116 7 3 360 52.2%
South Shorg 1303 36 71 69% 23 2 828 84.1%
1304 2 2 127 583 714 81.7%
1501 23 4 4 512 4 2 549 93.3%
1401 125 55 13 2 41 1 243 51.4%
1402 31 295 132 % 2 1 3 560 52.7%
Laval 1403 9 82 504 47 3 9 654 77.1%
1404 14 100 2 91 77 18 1 213 42.7%
1405 45 99 66 29 714 64 1 1014 70.1%
1406 6 27 21 67 173 711 1 1  1007% 70.6%
West 1503 384 24 408 94.1%
1504 1 46 464 511 90.8%
East 1601 37 98| 135 27.4%
1602 1 55 2 1 9 5371 605 88.8%
TOTAL 626 345 1073 638 54P 230 569 793 189 1150 $04 434 |490 49 | 68383 74.1%
% ERROR -20% -4% 30% -11% -1% -5% 2% 21% -11% 13% -to% 6% |-4986-68% | 86.7% 19.7%
R? RMSE

2.6 Conclusions

2.6.1 Validation of revealed preference information

Section 2.4 examined in detail revealed preferenfm@mation concerning the choice of major
bridge contained in a large-sample telephone traneley. The results of the exploratory data
analysis and the subsequent estimation of modaledban a validated subsample suggest that
the survey responses are, on the whole, coherensamsible. Gross errors attributable to the
data collection and codification processes weraeebetl to comprise less than 5% of the
validated sample. The information is sufficienthgedible to be used as the basis for a detailed

analysis of infrastructure usage patterns.

2.6.2 Demonstration of the methodology

This chapter has described the construction anticagipn of two types of facility choice model:

a random-utility model and a traffic assignment moet Both model structures adopt
microscopic, dynamic and totally disaggregate regmeations of supply and demand. All the
demonstrated models were evaluated on their abibtyreproduce choices observed in a
revealed-preference survey of travel behaviour.tAd models were able to correctly predict
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around 75% of the observed behaviour. The procetlemeonstrates the feasibility of developing

detailed representations of supply and demand withinimum of human intervention, thus

saving time and facilitating the application of @estific approach. It also illustrates how the

behaviour of automobile drivers on an urban netweaak be studied using totally disaggregate
methods which incorporate accepted theories o&tra@haviour while remaining independent of
the classic four-stage approach. The disaggregditestiructure means not only that certain travel
behaviour can be represented in more detail, Isotthlat the workings of the model itself can be
thoroughly examined using, for example, a confusiatrix.

2.6.3 Comparisons between models

A detailed summary of the modelling results, imerof the correct prediction rate, is shown in
Table 2.20. The question of which model best reprisseach bridge is of secondary importance
since no significant effort was expended on thefieation and correction of any network. For
just one regional model, the task is monumental afteh interminable. Such an exercise could
be undertaken for each of the 5 models tested.r Hisolute and relative predictive powers
would presumably change as a result. What is netalbbut Table 2.20, however, is #tability

of the modeling outcomes. The total correct préalictor each model hardly varies. The worst
performing model is the iterative assignment arslidcessfully predicts 74.1%. The model with
the most predictive power is the logit model usitmngested travel times and its correct
prediction rate is 75.7%. The variation in modetlwaeacy is greater at the level of individual
bridges. Bridges that do not carry freeways (13@®1, 1404 and 1602) are consistently poorly
represented. The fact that the incorporation ofgestion effects tends to improve the usage
forecasts of these facilities suggests the existefithe classic user-equilibrium under congested
conditions: facilities that are usually slow becoreasonable options when the freeway facilities

are congested.

Another conclusion that can be drawn from this nllodg exercise is that in many cases the

prediction of bridge choice is almost trivial. ii$ conclusion could be demonstrated to extend to
the choice of all major road facilities, then itwg constitute an encouraging result: most of the
users of a particular facility can be determinethgissimple methods. Simultaneous correct

prediction of the usage of multiple facilities israinly more difficult. If, for example, 75% of

the users of a single bridge can be properly remtes, then it is likely that the same modelling
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framework would reproduce the real behaviour ofyd&@8% (0.75 * 0.75) of travellers who use

two bridges. In many planning applications, howetbe analysis of the actual and potential

clientele of a single facility is often all thatngcessary.

Table 2.20: Summary of model performance usingtireect prediction rate

Method Assignment Discrete Choice
Freeflow lterative| Logitl Logit2 Logit3

Bridge
1301 66.3% 66.7% | 85.7% 85.9% 78.4%
1302 51.7% 52.2% | 39.4% 45.3% 43.1%
1303 84.9% 84.1% | 69.9% 62.8% 76.9%
1304 81.4% 81.7% | 86.7% 88.8% 86.7%
1501 93.3% 93.3% | 90.2% 89.4% 94.7%
1401 53.5% 51.4% | 48.6% 52.3% 59.3%
1402 51.6% 52.7% | 50.9% 56.8% 61.4%
1403 78.6% 77.1% | 78.3% 74.0% 67.1%
1404 42.7% 42.7% | 26.8% 33.8% 37.1%
1405 69.7% 70.1% | 76.5% 74.2% 65.2%
1406 70.4% 70.6% | 75.0% 78.9% 84.1%
1503 94.1% 94.1% | 94.6% 94.6% 90.4%
1504 90.8% 90.8% | 91.2% 91.6% 94.7%
1601 27.4% 27.4% | 12.6% 14.8% 17.0%
1602 88.8% 88.8% | 91.6% 92.6% 93.2%

TOTAL 74.1% 74.1% 749% 753% 75.7%

2.6.4 Model Complexity and Explanatory Power

Another aspect of this investigation concerns ttespects of improving the explanatory power

of a behavioural model. Very often, the incorredictions of models are attributed to missing

explanatory variables. The literature is full oftances where models are extended to account

for previously ignored phenomena. While this apphohas merit in particular situations, the

present research has illustrated a case whereadditomplexity adds little or nothing to the

quality of the result. Table 2.20 is offered in pag of this assertion. When the correct

prediction rate of a given bridge increases frone emodel to another, there is necessarily

another bridge whose correct prediction rate deseeaStated differently, there are always some

travellers whose behaviour is correctly represeitgacbne model but is poorly represented in
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another, even if it is more sophisticated. Frons terspective, the challenge is not to increase
the complexity of the model, but rather to bettaderstand the individual-specific context in
which each person makes decisions. More genetaily,result should not be surprising when
the behaviour being modelled concerns the choiceroofte. It is well-known that the
optimization of traffic flow through a network cditates a non-convex problem with respect to
paths, meaning that there exists a multitude ofvadgent routing solutions. Since only one of
these solutions will correspond to one observelityed is natural that any route choice model

will have limited predictive power.

2.6.5 The role of congestion in the modelling of bridgelwice

In the experiments described above, congestion mepsesented using several alternative
methods. In section 2.5.1, congestion was repredeint logit Model 2 by a utilization ratio
computed as the volume predicted by logit Modelividéd by the observed volume. In logit
Model 3, congestion was incorporated as an exogenquut based on direct observation. In
section 2.5.2, congestion effects were incorporatgdg both a volume-delay function and a
microsimulation to generate queues at traffic dggmdone of these models are methodologically
correct representations of the congestion on majdges. The queues which develop upstream
of each major bridge would ideally be modelled tlglo microsimulation using either scaled
supply (for which no workable method could be foundthe complete demand (the survey is
only a 5% sample). The fact remains, however, tihatpredictive power of the models which
attempt to account for traffic congestion is ngn#icantly greater than the predictive power of

models which do not.

In this thesis, the term traffic congestion ref@rsecurrent congestion only. At issue, then, & th
difference between travel times under free-flow ditons andaveragetravel times during
periods of peak demand. It is not difficult to leek that a change in average travel times exerts
little influence over the choice of congestibleiliag Congestion occurs, after all, because there
is a lack of alternatives (choice). It seems likédgwever, that facility choice is influenced by
non-recurrent incidents which travellers learn dbthwough traffic reports. In the case of
Montreal, traffic updates on the radio often indusstimated waiting times to access the major
bridges. This awareness of the short-term variatiometwork conditions could lead to a queue-

jockeying effect (Koenigsberg, 1966) where travsllalter their choice of bridge during the
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course of the trip or tend to choose a differemdde each day. Alternative modelling methods
exist to represent this phenomenon. In this pamadigaffic on a network can be considered a
“prisoner’s dilemma” where the availability of onpartial information leads decision-makers to
make a sub-optimal choice. There is an evident ectiion with Braess’ paradox (Hassin &
Haviv, 2003). Finally, the rapid evolution of wiesls technology and in-vehicle navigation
systems offers intriguing possibilities for prowidi more detailed information to drivers. It
remains to be seen exactly how these user-infoomagystems will influence driver route and

facility choice.

Although the results of this modelling process |#jghat the consideration of traffic congestion

has a limited impact on the ability of a model tegict the choice of bridge, there is no doubt

that congestion influences travel times. While mangthods exist to simulate congestion,

additional data are required to determine how tteay best be applied in a predictive model.

Road networks follow a schedule and this scheduistiine observed and analysed if a coherent
model of travel time by automobile is to be constied. This objective will be the topic of future

research.

2.6.6 Implications for planning

This chapter has described a method for approatchagoute-choice/traffic assignment problem
which incorporates partial information on the chogaths. The experiment has demonstrated
that partial representations of supply and demardsample hypotheses about driver behaviour
are sufficient to reproduce around 75% of the ugegterns of 15 congested road facilities. This
finding seems especially pertinent to the analydigproposed infrastructure projects, which
typically impact only a limited portion of the netvk and a particular segment of the travel
demand market. It has also been shown that, evemgkhthe facilities may be subject to
congestion, the phenomenon does not need to beidypkepresented in order to achieve a high
correct prediction rate. Note that comparisonsrefijgcted flows with observed volumes are not
at issue here. A determination coefficient was cot@g for each model and it exceeds 90% - a
very respectable score for a standard traffic assent — in almost all cases. It has not been
discussed as a measure of model performance giisess nothing about how well the model
reproducesndividual choicesThe determination coefficient is an aggregateltashich masks

incorrect predictions.
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CHAPTER 3 ANALYSIS OF EQUITABLE ROAD TRANSPORT IN
THE GREATER MONTREAL AREA

The equitable distribution of transport costs aeddfits within an urban area is a problem of
considerable importance given the current respdit&b of highway planners and engineers.
Urban sprawl, greenhouse gas emissions, oil consompand the imperative of sustainable
development are issues which require a thorouglenstehding of the interaction of the road
transport system with the people it serves. Theireaof this interaction is the result of

transportation policies designed to meet particolgectives, many of which have little to do

with transportation itself. These policies nevelgle stimulate certain types of behaviour while
discouraging others. If conscious intervention he pperation of urban road systems for the
purposes of achieving societal goals is to be anmg#ul exercise, then the effects of proposed
policies must be quantifiable and, to some extarmgictable. This chapter outlines a method by
which the goal of equity (fairness) can be quastifiusing observed travel patterns and
demonstrates that comparable results can be obt#imeugh the application of an appropriate

simulation model.

This research is by no means the first effort &caés equitable road transport and to quantify
the redistributive effects of a network using tbally disaggregate modelling approach. Issues
surrounding the equitable distribution of travelstsoand benefits have been of interest to
researchers at Ecole Polytechnique de Montréantamy years (see (Chapleau, 1988; Bergeron
& Chapleau, 1996; Essakali, 1999; Chapleau & Moyer004) among others). While the
following demonstration is largely based on therapph adopted in these earlier projects, it is
focused on major components of road infrastructpaeticularly the fifteen bridges of Montreal.
A study of such narrow scope is justified by thet that specific public works, such as bridges,
freeways, metros and so forth, exert a strong émibe over travel patterns throughout an urban
area. Indeed, the bridges of Montreal play a furetaal role in the distribution of transport-
related costs and benefits over space and timanwiitle Greater Montreal Area. This chapter
will demonstrate how the redistributive effects giated by particular infrastructure elements
can be credibly measured and how the analysistsesa be used to construct an equitable road
pricing system. The methodology is theoreticallyeexable to any major road infrastructure

components whose usage patterns can be observed.
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Figure 3.1 is a conceptual diagram of an equityyasisafor major road infrastructure in an urban
environment and summarizes the methodology destiibehis chapter. The existence of the
major bridges induces a certain amount of persdreatel by car. The automobile trips
accomplished by these drivers constitute movemeet the road network. This interaction of
transport demand (trips) with transport supply (thetwork) is represented by a traffic
assignment model of the type described in detdihéprevious chapter. Initially, the analysis is
performed using the validation model in order tamfify various phenomena using collected
information. The analysis is then repeated usirgjnaulation model to test the sensitivity of
various indicators to the simplifying hypothesedraffic model. In both cases, the result of the
assignment process is a link-by-link itinerary fmach trip. Each link in an itinerary can be
classified according to the jurisdictional or fupaal network to which it belongs. The
functional hierarchy is used to estimate the cesid benefits of travel which accrue to the
individual driver. The jurisdictional hierarchy @emines how costs are distributed among
geopolitical entities. The costs which are bornetdyitorial governments are passed on to the
households located within those territories throtgkation. Households bear additional non-
monetary costs based on their location in space.th&t level of geopolitical entities, a
comparison of the costs and benefits incurred loh garisdiction permits the calculation of

equity indicators.

This chapter has eight sections. The first sectibrthis chapter discusses the philosophical
notion of equity within the context of transportetiengineering. The second section describes
the costs and benefits of road transport and hey mhight be measured. The third section deals
with the redistributive effects of major road irgtaicture within an urban region. Section 3.4
outlines a quantitative methodology, section 3.Xeats the results of the analysis using the
validation model, section 3.6 repeats the analysiag the simulation model, section 3.7 re-

examines traffic models in the context of thesdifigs and section 3.8 concludes.
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EQUITY ANAYLSIS OF MAJOR ROAD INFRASTRUCTURE
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Figure 3.1: Equity analysis of major road infrasttuwe

3.1 Equity and Transportation Planning

Engineering is primarily concerned with the sea@himproved efficiency. The power of the
technology which engineers are trained to develog exploit lies in its ability to render
previously difficult tasks simple thereby liberaginesources for other purposes. The progress of
technology is driven by the discovery of more edint ways of accomplishing important tasks.
When it comes to human systems, however, improWedesacy is rarely the only indicator of

progress.

One feature that distinguishes a human system fotrer naturally occurring systems is its
desire and ability to exist inefficiently. It is eely accepted that living creatures are the product
of a ruthless process of natural selection wheeesttong become stronger and multiply while
the weak become weaker and eventually perish. Erénermodynamic perspective, this system
is ideal because the elements which function wellfavoured while the defective components
are rapidly eliminated. Waste is effectively mirmad. Within human communities, by contrast,
there exists a sense of empathy or at least a sémsspect toward other members of the same
community. The survival of the collective is notvalys paramount and individuals are believed
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to have an inherent value. This belief is especktiliong in highly developed societies where the
existence of the collective does not appear thneateRespect for the individual has given rise to
a formal system of rules (laws) embodying conceptgghts and justice and the notion of justice
frequently extends to areas beyond the legal rekbn.example, the construction of complex
civilizations has resulted in (or has been driver) the evolution ofsystemsdesigned to
accomplish specific collective goals. To the extdrat he uses or contributes to them, each
member of the society has some relationship widsehsystems and these relationships can be
evaluated using the concept of justice, fairnesgidhe socioeconomic domain, equity.

Socioeconomic equity is usually associated with tlesire to provide equal access of
opportunity to all. The achievement of this objeetrequires that people of limited financial
means are able to consume the same amount of $&sices as wealthy individuals. Policies
which facilitate this type of equity usually inveha transfer of resources from the rich to the
poor. Although it does not form an object of unsadrconsensus, this “Robin Hood” conception
of fairness has been advocated by numerous phhesspand economists (Rawls, Galbraith,
Keynes, etc.) and its degree of acceptance is demabed by the important number of
initiatives, especially in the areas of health aaddication, adopted by governments around the
world with the aim of ensuring equality of opporityn Within the specific context of taxation
policy, equal access to opportunity is often diseds using the progressive/regressive
dichotomy. A progressive taxation system is oneratiee charge on an individual depends on
the individual's ability to pay. A regressive systecharges all income levels equally, thus
ensuring that the charge is most strongly expeeéry the taxpayers who are the least well-off.
The justification for a progressive policy is tlilaé wealthy are those who have benefitted most
from the use of collective resources and shouldetbee pay a greater proportion of the costs
than those who are poorer and have benefitted less.

The degree to which road transport constitutesaaitbservice” like health care or education is
debatable. While life without a car is unimaginafle many people, it is certainly possible to
live a very comfortable existence without the bénef personal motorized transport. The
complexities and nuances contained in this lasestant are formidable and the transportation
engineer is frequently called upon to clarify thémorder to contribute to this task, the present
study is not concerned with socioeconomic equity,rather with the treatment of the population

by the large and complex system that is the putdad transport service. The relationship
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between the population and the passenger trangystem is a major determinant of the

consumption patterns of energy and land. Moreother,passenger transportation system is a
redistributive mechanism which confers benefitssome people while imposing the associated
costs on others. It therefore seems reasonableotwlev whether the system, as it currently

exists, is equitable.

The focus of this research is limited to a compoméithe passenger transport system: the major
road infrastructure of a medium-sized urban areat & the current controversy surrounding
automobile use revolves around the hypothesisttigapeople who benefit from that activity do
not assume a “fair” proportion of the costs. Theref any method which seeks to measure
equity in a transport system must be able to djsish between the people who benefit from the
system and the people who pay for it. It must d&soable to clearly define the costs and the
benefits of road transport.

3.2 Costs and Benefits of Road Transport

A cost is defined as a quantity that is given. Addé is a quantity that is received. Implied by
both terms is the notion of an exchange: a quanfityis given in return for a quantity gf In

the context of a transaction (monetary or othennmstween individuals or organizations, these
explanations seem redundant. In context of autolmobriavel, however, the picture is
considerably less clear. When a driver uses hisoccaomplete a trip, he necessarily pays for the
privilege and he presumably obtained some bengfialeor greater to the cost otherwise he
would not have bothered. But what are these co4tsat are the benefits? Where and when did
the transaction occur? And who, apart from the atriparticipated in the transaction? This

section attempts to provide satisfactory answetkdee questions.

The domain of economics has developed a formalbudasy associated with discussions of
benefits and costs. Five adjectives are particulianportant: total, average, marginal, internal
and external. The total cost (or benefit) is a savar all consumers of a good. The average is
simply the total divided by the number of consumébtdarginal” refers to one additional
consumer at current levels of consumption. Inteamal external describe the degree to which the
costs and benefits of an activity are shared amomgsumers and non-consumers. These
definitions are important in the discussion thédibfes.
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3.2.1 Definition of costs

For the purposes of the present analysis, the totstl of road transportation is subdivided into
two categories: external costs and internal or-tdtppocket” costs. The external costs include all
items which are paid for, at least partially, byple other than the driver. One of the most cited
external costs is traffic congestion, otherwisecdbsed as the consumption of physical road
space by private vehicles. Other examples of eaterosts include traffic accidents, noise, air
pollution, greenhouse gas emissions and degradafighe built infrastructure resulting from
usage. These costs are borne directly by thedgrimm which travel occurs. It is widely accepted
that an important component of the external costeniernalized through taxation and fees
charged by the government that owns the road. Thaiaipal government funds its road
network using a tax on property while the proviheiad federal governments tax incomes and
consumption. Very often, however, these taxes aeel to fund not only transport infrastructure
but all government programs. In such cases, thdigp@ibancing mechanism represents an
important economic distortion, the fairness of vihtan be legitimately questioned.

The internal costs of car travel consist of thechase price of the vehicle, fuel, maintenance,
parking, insurance and licensing fees. These castscovered by the driver and can be
calculated precisely in theory although in pracsaficient data are rarely available to perform
the calculation on a large scale. An important nametary internal cost is the time spent
travelling. In many analyses of urban transportgtitravel time is assumed to have some
calculable monetary value computed using an assampbout the time value of money. A

reasoned examination of the implications of thisagpt when applied to intra-urban passenger

travel, however, reveals numerous fallacies.

Prevalent economic wisdom says, with some empirszglport, that two initially isolated
communities can mutually benefit from increase@rnattion with each other. The intensity of
this interaction will depend, among other things) the travel time between the two
communities. If the time required to travel fromegplace to the other is reasonable, then there
will be interaction and tangible monetary bendfit.this context, an unreasonably large travel
time could be associated with a monetary cost aghaan unattained benefit is a more correct
description. Meanwhile, an individual or firm thedrns income by transporting goods or people

can also impute a monetary cost to travel timeltiegufrom operator’s salaries and lateness
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charges. In the context of day-to-day personaklrahowever, it is much more difficult to assign
a dollar value to the time spent travelling becatlge is no associated monetary transaction.
Although some consideration should be given tothe®ry that tenants trade higher rents for
lower transportation costs (Alonso, 1964), work#wosnot bill their employers for the amount of
time they spend commuting each day and retailersad@llow shoppers who spend more time

on the road to pay less for their purchases.

At the level of private individuals, time is coneréd valuable for sole reason that it is a non-
renewable resource. Every human being has a fameunt of time at their disposal. This
amount varies greatly from person to person anvigshgals have only an approximate idea of
how much is available to them. Fundamentally, pe@ske aware that they will eventually die
and their interpretation of this constraint hasf@uod effects on the way they choose to live. On
a more mundane level, each person needs to deettain amount of time to the satisfaction of
biological or societal imperatives such as eatslgeping, going to school and working. The
time remaining is devoted to other pursuits whiciyrar may not require travel. If an economic
term to describe travel time must be chosen, perltiag@ best one is “opportunity cost”. Time
spent travelling is nothing more than time thatlddae spent doing other things. What value, in

terms of money, do all these other things have®iNocan say.

Nevertheless, a quantitative analysis requireswiimeasurement. Although the imputation of a
dollar value is beyond the scope of this resealtdis, fairly easy to justify the use of vehicle-

kilometres-travelled (VKT) as a proxy measure ofnetary cost. Fuel consumption, vehicle
maintenance and infrastructure degradation gertefatevehicle use are all proportional to the
distance travelled by the vehicle. The non-monetast represented by travel time can similarly

be represented by vehicle-hours-travelled (VHT).

A peculiar characteristic of the public road tram$system is that the transaction between the
consumer (the driver) and the service provider fis&tution responsible for the network) does
not occur at a fixed location. The internal andeexal costs are extracted from the driver over
the course of his trips and are therefore disteduh space. The internal costs of travel by car
are paid either by the driver in full, or are slohvath other members of the driver's household.
The internal costs of travel therefore accrue ®ltbusehold of the driver. The external costs of

car travel are assumed by all the locations througith the car passes. Some of these costs,
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such as damage to the road surface, are limitddetdoad network. Other costs, particularly

noise and air pollution, are experienced by anyooated near the employed infrastructure.

3.2.2 Definition of benefits

In general, the internal benefit of travel is dedvnot from the journey itself but from the
activity which motivates the journey. As such, thieernal benefit of travel is a consumer surplus
— the acquisition of some benefit for a lower c&ich benefits include employment, shopping
and leisure activities. The monetary value of treserities is almost impossible to quantify but,
if the standard economic model of man is credibihen the internal benefits an individual
obtains by travelling are worth at least the ind&rosts incurred. In the present analysis, costs
are measured in terms of VKT and VHT. It is coneenj therefore, to measure benefits using
the same units. As with internal costs, internaldfiés are experienced solely by the driver, and
possibly by other household members. The intereakfts of travel are therefore assigned to

the household.

The measurement of external benefits is more ditfiscecause they cannot be clearly identified.
While it might be argued that the activity motivegithe trip benefits from the participation of
the traveller, it is not the transportation systemch confers the benefit. The participant benefits
the activity by his presence, not by his travel.didnal external benefits are generated for
economic sectors that are peripheral to the trahsgstem itself, such as drive-thru restaurants,
but these are considered sufficiently unimportariig¢ neglected in the present discussion.

3.3 The redistributive effects of a public transport néwork

The redistributive effects of transport residehe hature of the transaction associated with the
definition of costs and benefits. A single trangacttoes not have a unique location in space and
time and it involves multiple parties, not all ofhem are willing participants. The forced
implication of individuals and institutions in tlugeration of a system from which they do not
benefit directly is due to the spatial nature @& ttansaction and the fact that the service provide

is almost always a government agency.

The term “public transport” in the title of thisct®n refers not only to mass transit systems but
to publicly-owned and operated transport systemgeneral. Although a road system is
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considered distinct from a transit system, in trestvmajority of cases both systems are
controlled by branch of government. Publicly-owrteahsport networks exist because single-
operator systems are easier to plan, manage, amtokc@nd because the average benefits
produced by physical connections between commugndie large enough to justify a collective
approach to the construction and maintenance df systems. The associated monetary costs
are shared among the benefiting communities. Tis¢-gdwaring is administered by a superior
level of government which, in the interests of premg its territorial integrity, must ensure that
all the regions it governs are perceived to betdcedairly. Thus, the high-level (central)
government uses tax revenues collected from alkcatsstituencies to finance infrastructure
intended to serve particular interests at loweelevin such a context, the discussion of the

benefits and costs of transport becomes highly giéaal.

It should be recalled that the urban road netwoals la hierarchical structure based on
functionality or jurisdiction. The functional hiedny has a significant influence on the route
choice patterns of drivers and the distributiorradd traffic over space and time is the direct
result of those individual choices. Therefore,sittihe driver’s interaction with the functional
hierarchy which determines the magnitude of cost$ laenefits associated with the journey.
Meanwhile, it is the jurisdictional hierarchy thdictates the allocation of direct costs among
geopolitical entities (governments). Moreover, ¢hex a relationship between the jurisdictional
hierarchy and the functional hierarchy of road asfructure. Urban roads (local, collector,
arterial) are inexpensive to build and maintaineSétypes of facility are somewhat divisible in
that they can be built gradually as economic ressibecome available and as demand evolves.
They are almost always the responsibility of thenimipal government. High-speed, high-
capacity infrastructure requires a large investnagmt only a government with a broad tax base
can afford to take on such projects. In additi@gjlities of this type usually occupy land in
multiple jurisdictions and so a superior level olvgrnment is necessary to oversee construction
and operation. Also, these facilities are much lgisssible than urban road installations. A
freeway must be at least several kilometres lond) arbridge cannot become operational in
stages. As a result, freeways, highways and majdgds are the responsibility of the provincial

and federal governments.

Table 3.1 presents some approximate figures toridbesthe financing of road infrastructure in

the province of Québec. Although municipal governtaeare responsible for 83% of road
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kilometres, their investment represents only h&lthe provincial total. The remaining half
comes from the provincial government which is resplole for 17% of the network length when
measured in two-lane equivalent kilometres. The pes kilometre for provincial and municipal
roads is estimated for illustrative purposes. Thghdr per-kilometre cost of provincial
infrastructure supports the assertion that prowinanfrastructure tends to be of a higher

functional class (providing greater speed and dagaban municipal infrastructure.

Table 3.1: Summary of road infrastructure finandm@uébec

TERRITORY PROVINCE OF QUEBEC

TLEK:Two-lane equivalent 2008 expenditure Cost per TLEK
JURISDICTION kilometres (000s) ($millionsy ($000s)
Federal 0 0.0% 24 0.4%
Provincial 24.5 17.1% 2616 49.0% 93.8
Municipal 118.9 82.9% 2699 50.6% 14.3
TOTAL 143.4 100.0% 5339 100.0% 24.6

1. GEOBASE digital road networkvvw.geobase.ga
2. (Transport Canada, 2009)

The relationship between the functional class ofoad facility and political jurisdiction

inevitably leads to economic distortion since fokdss infrastructure can be built to serve
communities which could never afford it without iasmnce from the superior authority. In large
urbanized regions, these distortions are bothitiefft and inequitable since they induce evasive
household location patterns. A household can etta&ldurdens (fiscal and other) of living in a
jurisdiction supplying large quantities of trandpaervices by choosing to locate in a
municipality which provides only a minimal transpaervice. This tendency is inefficient

because it uses collective resources to subsidizeased consumption and it is inequitable

because its costs are borne by territories thatyaemp reciprocal benefit.

To summarize, the fundamental question of equitycemns the government’s treatment of its
citizens via the transport system for which it esponsible. Some citizens will receive a
disproportionate amount of benefit while otherd Wé forced to pay a disproportionate amount
of the costs. Whether a citizen belongs to theé grsup or the second depends not on his income
or his travel behaviour but on where he lives. Thalization provides a useful starting point for
addressing numerous issues of contemporary intgragtcularly: urban sprawl, greenhouse gas
emissions, energy consumption and sustainable al@went. There are usually two schools of
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thought on how these problems should be addres¥®s.school says that the solution is to be
found in measures which increase efficiency, swcmarginal cost pricing. The second approach
advocates measures which decrease efficiency liregiroad capacity and providing massive
subsidies to public transit. The implementatiorittier philosophy produces winners and losers.
The ability to predict the results of the implenaitin depends largely on an ability to

distinguish between the two.

3.4 Description of a quantitative methodology

The development of a quantitative analysis framé&wor the assessment of equity requires
information based on direct observation. For thesent study, information relating to travel
demand is derived from the Montreal travel suriescch auto trip recorded in the survey has
attributes of point of origin, point of destinatiodeparture time and bridge employed. This
information, though detailed, is partial. To constra complete trip it is necessary to apply a
traffic assignment model. Information describingnsport supply is the road network developed
at Ecole Polytechnique (the simulation networkhef previous chapter). This network, although
it includes all the streets in Greater Montreal Ardoes not provide a complete description of
the regional road infrastructure. Some importaatnants, such as the number of lanes and the
control system, are missing entirely. Also absenihformation relating to the schedule of the
network, meaning the variation in service levelerotime resulting from recurrent traffic
congestion. Nevertheless, the network does possagsrarchical structure based on functional
class. According to their functional designatioasspeed can be attributed to each link. In
conjunction with an easily computed length, it asgible to estimate link travel times which are
nominal rather than actual and are independentavel demand. Finally, the supply-demand

interaction is represented by a shortest-path lgor

This road network model is considerably simplemtilhe ones most commonly adopted for
traffic planning purposes in that it does not aetdor congestion effects. The model bears a
strong resemblance, however, to the one most comymmed by drivers to plan their trips.

Currently, none of the major navigation serviceviders (Google, Mapquest, etc.) provide time-
varying travel times or equilibrium computations emhthey recommend a shortest path. The
present model presumes that drivers follow themanendations of the information tools at their

disposal.
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The next three sections describe in detail a mefoodcapplying detailed though incomplete
representations of supply and demand, in conjunetith a simple traffic assignment algorithm,
to a quantitative analysis of equitable transpmmat The analysis is based on particular
characteristics of its three major components:hileearchical structure of the network, the non-
reciprocal nature of the travel demand for the mdjondges, and the execution of parallel

simulation and validation models.

3.4.1 The hierarchical structure of the network

The beginning of this chapter described two typésierarchy in an urban road network:
jurisdictional and functional. Three jurisdictiosbare responsibility for the road network in the
Greater Montreal Area: federal, provincial and neipal. Not all jurisdictions are responsible
for all functional classes of road, as indicated’able 3.2. Of the four federal bridges, two are
classified as freeways (Champlain and Mercier) amd are classified as arterials (Jacques-
Cartier and Victoria). The federal network formsegligible proportion of the total network
length, measured in directional kilometres. Thevpraal government is responsible for all
numbered routes. These include all the freewaytbenprovince as well as their access ramps.
The remaining numbered routes qualify as highwaysiial areas but in urban settings they are
effectively arterials or collectors. Provincial dsaaccount for 12.3% of the regional road
network. The municipal network consists of all ftianal classes except freeways and comprises
87.7% of the regional network. Link speeds for datian purposes are assessed according to the

functional class and this correspondence is alewshn Table 2.3.

The functional composition of the network for eadgion in the Greater Montreal Area is
shown in Table 3.2. The table describes the funaticomposition of each region’s road
network in terms of directional kilometres. In edlses, the freeway network comprises less than
5% of the total network. The local road networkaaus for between 56% and 69% of each
regional total, with Montreal having the largesttmm of local roads. Arterial roads form the
next largest group and are especially importattiétwocouronnesThe “collector” designation

is somewhat arbitrary and does not seem to have fa@eured by the creators of the digitized
network since it accounts for less than 10% of ttital network length. The largest network

belongs to theCouronne sudwhich contains nearly 11,000 directed kilometrésraadway.
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Laval has the smallest network — just over 3,300nkétres. It is worth noting that Montreal’s

network is smaller than those of the ta@muronnes

Table 3.2: Network composition by functional hietay

FREEWAY RAMP ARTERIAL COLLECTOR LOCAL Total km
Montreal 3.5% 2.4% 15.2% 9.7% 69.2% 8956
South Shore 4.7% 3.5% 16.4% 13.3% 62.2% 3907
Laval 3.1% 2.7% 18.5% 7.9% 67.9% 3308
Couronne sud 4.0% 1.3% 29.0% 9.7% 56.0%| 10831
Couronne nord 4.7% 1.6% 25.1% 9.6% 59.0% 9112
ALL 4.0% 2.0% 22.3% 9.9% 61.8% 36113

The importance of the three levels of governmergach region of the Greater Montreal Area is
shown in Table 3.3 where the weight of each juci$oin is computed using directional
kilometres of roadway. The boundaries of the regiarere drawn in such a way that all the

federal bridges are found within Montreal. They poise 0.2% of the entire Montreal network.

The provincial government is responsible for 7.3%Mpntreal’s roads and the municipal
governments provide the remaining 92.5%. The rblda® provincial government is much more

significant in the twacouronneswhere it provides roughly 15% of road kilometregre than

double the proportion on the island of Montreal.

Table 3.3: Network composition by jurisdictionakharchy

FEDERAL PROVINCIAL MUNICIPAL Total km
Montreal 0.2% 7.3% 92.5% 8956
South Shore 0.0% 10.0% 90.0% 3907
Laval 0.0% 11.1% 88.9% 3308
Couronne sud 0.0% 15.5% 84.5% 10831
Couronne nord 0.0% 14.7% 85.3% 9112
ALL 0.1% 12.3% 87.7% 36113

It is worth revisiting briefly the access-mobilitichotomy discussed in section 2.3.3.2.
Infrastructure designed solely to provide accesefis only the locations it serves. In an urban
environment, this infrastructure almost always lgthin the jurisdiction of the local authority
which is financed by a property tax. This means tih@ sole beneficiaries of the access
infrastructure are also the sole financiers. Initaay the external costs such as noise and air

pollution are also borne entirely by the usersgeithey live adjacent to the access road. To the
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extent that this cost-benefit distribution is syntneal, there are no redistributive effects

associated with pure access infrastructure.

Mobility infrastructure, by contrast, benefits Itioas that lie at a great distance from the facilit

itself. Locations which are in the immediate vitirof the infrastructure may or may not benefit
but they bear almost all the external costs. Fumlee, mobility infrastructure is most often the
property of a national, as opposed to a regiondbcal, authority. The national government is
financed by taxes on the income and consumptioallats residents, some of whom are the
users of a particular infrastructure element. Mgegpmobility infrastructure is designed to carry
large volumes of traffic at high speeds and theesfenerate large quantities of air pollution and

noise. As a result, the location and positioninghed infrastructure are not trivial.

3.4.2 Non-reciprocal travel demand

This study uses a subsample of observations friarga-scale travel survey. The subsample was
defined as the clientele of major elements of rivdichstructure, namely the 15 bridges which
provide access to the island of Montreal. As altetlie only mode under investigation is the
auto-drive mode. In addition, the time period oé tnalysis is constrained to the a.m. peak.
Table 3.4 shows the breakdown of all the tripshie subsample by origin, destination and trip
purpose. A very significant proportion (71.5%)tops using the major bridges during the a.m.
peak period consists of work trips destined toldi@nd of Montreal. The next largest market
segment is trips destined to Montreal for non-wpukposes (8.3% of the sample). Work trips
originating on the island of Montreal (reverse-comtens) account for 12.7% of total bridge
demand at the origin. This demand structure isneaiprocal in the sense that Montreal hosts far
more drivers on its territory than it sends to tfiger regions. As a result, based on the definition
of costs and benefits described eatrlier, it islyikbat the territory of Montreal assumes more
costs than its citizens receive in benefits. Theemxof this phenomenon will be measured

subsequently.
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Table 3.4: Morning peak travel demand on majordeglby trip purpose

ORIGINS Work |School | Return home | Other | ALL Total Tri ps
Montreal 12.7% 0.3% 2.4% 1.4% 16.8% 1443
South Shore 13.5% 0.5% 0.0% 1.6% 15.6% 1341
Laval 18.9% 0.8% 0.1% 2.8% 22.5% 1934
Couronne sud 21.39 1.2% 0.1% 2.2% 24.8% 2128
Couronne nord 17.8% 0.7% 0.0% 1.7% 20.2% 1737
DESTINATIONS

Montreal 71.5% 3.2% 0.2% 8.3% 83.2% 7140
South Shore 4.0% 0.1% 0.3% 0.3% 4.7% 407
Laval 4.6% 0.2% 0.7% 0.5% 5.9% 507
Couronne sud 1.9% 0.0% 0.9% 0.3% 3.2% 272
Couronne nord 2.1% 0.0% 0.6% 0.3% 3.0% 257
ALL 84.3% 3.5% 2.6% 9.6% 100.0%

% purpose 7235 298 222 828 8583

3.4.3 Simulation and validation models

The traffic model used for the analysis of equ#y'naive” in the sense that it makes only one
hypothesis about its functional components. Suppotyl demand are both represented by
observed data and a simple hypothesis about dbebaviour is employed to represent their
interaction. In the absence of information aboetgpatial and temporal distributions of average
traffic speeds, no unbiased representation of cimyeeffects is possible. It goes without saying
that the model would be better if more informatveere available.

Two simulations are performed. The first is dubbeslvalidation model since it incorporates the
bridge declarations from the travel survey in thived behaviour hypothesis. The validation
model is used to estimate real consumption of toatsportation induced by the existence of the
major bridges. The second is the simulation modetivuses an unconstrained hypothesis about
driver behaviour. The measures of consumption pbthifrom the simulation model are
compared to those of the validation model in ortterassess the consequences of using a

predictive algorithm rather than observed behaviotine analysis of equity.

For both the simulation and validation models,dhger behaviour hypothesis is represented by
an all-or-nothing assignment which assumes thaedsiare “optimizing optimists” and therefore
always choose the shortest-time path. In otherdsjocongestion effects are not modelled
explicitly in the simulation and validation modeAthough this omission is certain to generate
unrealistic traffic speeds, its influence on thdigbof the model to accurately reproduce the
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choice of bridge remains unclear. In the case efuhlidation model, congestion effects are
accounted for implicitly, since a driver’'s behawvigeflects his or her perception of reality. For
example, even if the real travel time of a tripnach higher than the travel time estimated by the
validation model, it must be acknowledged thatttiye did in fact occur and that it did in fact
incorporate the declared bridge. The advantagesioiguobserved behaviour as the basis for a
behavioural model is that other choice variabldswhich the modeller may be ignorant, are

already accounted for in the observed travel padter

Once the trips have been assigned to the netwbiik, necessary to associate every utilized
network link with its users and the territory in s it is located. This process involves a simple
post-treatment of the trip plan file generated bRANSIMS. The resulting database of
itineraries is illustrated in Table 3.5. This dateucture is totally disaggregate in that it corga
only the atomic units of analysis: trips, links atedritories. The attributes of each of these
objects can be associated with each other usirgtéille. The validation model generated
664,077 trip links for 8,583 trips, representingaaerage of 77.3 links per trip. The simulation
model generated 625 296 trip links or 72.8 linkstgp.

Table 3.5: Structure of the itinerary database

Trip ID |Link Sequence | Municipal sector
8 4421 1 113

8 4423 2 113

408824 | 483914 63 109

The itinerary database facilitates computationca@isumption and supply. According to the
framework described above, consumption is measatréte household of the trip maker. Supply
is measured at the location of each link used endbmpletion of a trip. Both households and
network links are assigned to a territory, spealficone of the 100 municipal sectors defined by
the Agence Métropolitaine de Transport as parthef travel survey. The municipal sector in
which the traveller resides is an attribute of gueip so no additional analysis is necessary. A
GIS algorithm is used to assign a municipal sei@a@ach link. An example of the segmentation

of an itinerary among multiple territories is shoinrFigure 3.2.
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Figure 3.2: The segmentation of an itinerary ammidjiple territories

In the present analysis, the two quantities of priminterest are the total number of vehicle-
kilometres travelled (VKT) and the total numberwvethicle-hours travelled (VHT). Both these
guantities are distributed among the municipal @ectccording to the results of the traffic
assignment. A balance sheet of costs and bensfitenistructed by counting VHT and VKT
generated by the households within a sector asfileaed counting VHT and VKT generated
by network links within the sector as costs. Alslig different way of describing this setup is to
say that household travel represents observed dkifcamsumption) while the distribution of
this demand over space represents transport supplyequitable situation is one where a
particular territory consumes an amount of transpdrich is equal to the amount it supplies.
Within this analysis framework, total demand (bé&sgiecessarily equals total supply (costs).
Therefore, if there is one territory which consumesre than it supplies, there is necessarily
another which supplies more than it consumes. t§tspeaking, such a situation is inequitable

since the first territory gains at the direct exgeeof the second.
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3.5 The measurement of distributive effects of road trasport

infrastructure

The application of the equity analysis methodolagpnsists of four parts. It begins with a
thorough characterization of bridge users. Thidyasiis followed by a detailed description of

the consumption patterns of the municipalities seglons which comprise the Greater Montreal
Area. Third, the amount of transport supplied bghegegion to serve bridge users is quantified.
Fourth, the distribution of transportation resosroger the various functional and jurisdictional
networks is examined. Finally, a comparison of #&meount of transport supplied versus the
amount consumed by each territory generates iratsadf equity for bridge-induced road

transport.

3.5.1 Characterization of infrastructure users

The identification of the winners and losers rasglfrom a particular transport policy requires
the characterization of the implicated clientelaclk of the major bridges serves a particular
transport market. Some important characteristichisfmarket can be derived directly from the
travel survey responses. Ideally the results wdaddpresented by bridge but the fairly large
number of bridges (15) and the size of the san§EB@ trips) means the data are frequently too
sparse to represent meaningfully. In consequertoe, analysis results are aggregated by
screenline and direction. For example, Figure B@as the demographic profile of bridge users
by screenline. There are four screenlines and tinectibns (inbound and outbound) so the
figure describes user profiles for 8 bridge groupther than 15 individual bridges. The
distribution and the inset table show a remarkayilmmetry between men and women and a
stability of demographic characteristics acrosseatlines. The data for bridge usage is
representative of the general trends with resmecat travel in Greater Montreal. Men constitute

the majority of drivers and male drivers are, oarage, slightly older than female drivers.
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Figure 3.3: Demographics of bridge users by scieenl

In addition to personal attributes, the resultshef disaggregate traffic assignment model can be
used to construct profiles of trip attributes. Fa3.4 shows the distribution of travel times by
screenline and direction as simulated by the vatidanodel. Since congestion is not included in
the model, it is certain that the simulated traimaks are considerably smaller than the real travel
times. Comparisons between bridge groups are nelesthfeasible. Outbound travel times are
on average less than inbound travel times but dhative travel time differences between
screenlines is similar in both directions. For epdamnthe Laval screenline has the shortest
average travel time in either direction and the t\&eseenline has the longest average travel

times. Note that the shorter duration of outbourustcannot be explained by congestion effects.

They are due solely to shorter outbound distances.

186
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Duration of bridge trips by screenline
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Figure 3.4: Travel times by screenline

The trip length distributions in terms of distarioe each screenline are illustrated in Figure 3.5.
The distributions for the inbound and outbound aioas are fairly symmetrical. The outbound
distribution is less smooth due to a smaller nundfesbservations. The inset table shows that
Montreal-based trips are, on average, slightly tehdhan suburb-based trips especially on the
South Shore and Laval screenlines. A possible eafilan is the attractiveness of downtown
Montreal which has no comparable equivalent in ahyhe four suburbs. There is a notable
difference in bridge usage patterns between regulamuters and reverse commuters. In terms
of vehicle-kilometres travelled, reverse commutagurs mostly on the Laval and South Shore
screenlines. The East and West screenlines togativeunt for only 11% of reverse-commute
VKT but account for 26% of suburb-based (inbound)TV In other words, reverse commuters
are most likely to be destined to Laval and thets@&hore, a pattern which is likely due to the

close proximity of these regions to Montreal.
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Length of bridge trips by screenline
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Figure 3.5: Trip distance distributions by screeali

Not all relevant traveller attributes are captureg the travel survey alone. Additional
information can be found in the national censuat{§ics Canada, 2003). Within the context of
discussions concerning road pricing and the valuénwe, the income of bridge users is of
particular interest. Although the survey does as$pondents for the household income, the
responses have yet to be validated. The househcloime of a traveller can be estimated,
however, by associating that traveller with a cenmane of which the average household income

is an attribute.

The aggregation of individual observations intoraugp (zone) has the effect of replacing a
distribution of values with a single mean. Assaotindividuals with this mean introduces an

aggregation bias to the analysis. An attempt isenadminimize this effect by choosing the

finest system of census zones for which data aadadle. These zones, called dissemination
areas, usually have populations of less than 20@0 ia urbanized regions they cover a very
small geographic area. The Greater Montreal Araggaies nearly 6000 dissemination areas.
Their small populations and extent limit the intvaal variation of household income, thereby

minimizing the aggregation bias.
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Figure 3.6 is a thematic map of average househmidnme using dissemination areas as the
spatial analysis unit. Several well-recognizeddeeare evident. The central and eastern sections
of the Island of Montreal are mostly low-incomeaweThe high income regions on the Island
are found primarily on the western half. Large tsaof high income are also found in the
peripheral suburbs, especially to the east theL&urence River and directly to the west of

Montreal.

Figure 3.6: Average annual household income bsedignation area in 2001

Each bridge user is assigned an estimated housetuaiche by associating his household to the
dissemination area in which it is located. The ager household income of the traveller's
household is assumed to be equal to the averagsehold income of the associated
dissemination area. Using this method, it is pdedib construct income distributions for each
bridge and screenline. Figure 3.7 shows the estignaverage income of bridge users. Users
living in Montreal are plotted separately from sseiho live off-island. Average income ranges
from a minimum value of around $40,000 on the PeginBridge (1402) to over $80,000 on the
Victoria Bridge (1302). In addition, the estimatetome of travellers living off the island is
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consistently higher than the income of travellévegy in Montreal. The trend is supported by

Figure 3.8 which indicates that the household ineahinbound bridge users is, on average,
about $10,000 more than the income of outboundybrigsers. The average income of outbound
drivers is higher than the average income of inlblodnvers on the West screenline only. The
discrepancy between inbound and outbound is lageshe East screenline (bridges 1601 and
1602), where the travellers originating in Montreatn about $12,000 less than their off-island

counterparts.
90000 - Estimated average income of bridge users 1000
., 80000 900
S 800 ¢
S 70000 , 5
£ 60000 00 %
g 600 5
& 50000 2
g 500 8
® 40000 .
° 400 °
£ 30000 300 S
£ €
'.IE: 20000 200 2
10000 > 100
0 @ °.® () 0
T NN < NN N ON S N
O O O O O OO OO oo o o o o
Mm MM o o < S TS DD OO
I 4 4 H H H H e H
Bridge
B Average income (suburbs) mmm Average income (Montreal)
=O==N_obs (suburbs) == N_obs (Montreal)
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191

Household income of bridge users by screenline
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Figure 3.8: Household income of bridge users bgesdine

These patterns can be explained to some degrdeelipdome distributions of the five regions,
as represented by bridge users (Figure 3.9). Téeilditions of the twacouronnesresemble
each other closely. Laval's income distribution aemparable to the twa@ouronnes The
distribution for the South Shore is considerabéttéir but the peak occurs at roughly the same
income bracket as the other suburban regions —eeet 60,000 and $70,000. The distribution
for Montreal peaks further to the left, indicatiagyreater incidence of low income. Indeed, the
average income of bridge users residing in Montiea$7,600 less than the average of the
“poorest” suburb (Laval) and $14,800 less thanaherage of the “richest” suburb (the South
Shore). The lower incomes of Montreal relative wbwbanites contribute to the lower incomes
of outbound trip-makers observed previously. Thpeerlly high incomes of South Shore

residents explain the high average income of usfeitee Victoria Bridge.
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Income distributions of bridge users by region of
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Figure 3.9: Distribution of average income of badgsers by region of residence

Having compiled estimates of bridge user househottbmes based on census data, it is
worthwhile to compare the results with those ol@dinsing the income declarations in the travel
survey. Of the 7,638 households in the validatdasample, 7,061 (92.4%) responded to the
guestion concerning household income. An averagigevaas then computed for each bridge.
These averages were compared to those obtainedaggnegated census data. The results are
shown in Figure 3.10. The figure shows that thaskebold incomes estimated the using the
census are consistently lower than those estimated) the travel survey. However, the points
for all fifteen bridges lie close to the axis ofrayetry. It is not immediately clear which of the

two methods gives a more realistic result.



193

Comparison of household income estimates by
bridge
85000 (2003 travel survey vs. 2001 census)
=
()
2
3 80000
©
> o
£ 75000 £ i
o 2
£ A O South Shore
8 70000 1
£ O Laval
5 £
2 65000 g West
[
g O East
I 60000 |
50000 55000 60000 65000 70000 75000 80000 85000
Household income (2001 census)

Figure 3.10 : Comparison of household income esémésurvey vs. census) for the users of

each bridge

3.5.2 Consumption patterns of municipalities

After constructing detailed profiles of infrastrupt users, we proceed to an aggregate analysis
of consumption and, in the next section, supplye Thits of aggregation are the 100 municipal
sectors which make up the Greater Montreal Areacambe further aggregated into five big
regions. The consumption of a municipal sector afcudated based on the trips made by
residents of the sector. The existence of a monaygét and a time budget requires an
examination of the question from both the distaame time perspectives. The total consumption
is measured in vehicle-kilometres travelled andalefhours travelled. Both these quantities are
indicators of the total benefit obtained by the mipality from the existence of Montreal’s
major bridges. The total benefit per municipalgyexpressed as the total vehicle-kilometres or
vehicles-hours travelled by residents. All thesardities are limited to trips which make of and
are made possible by the existence of the 15 nhbajdges. For this reason, this market of travel

demand is subsequently referred to as “bridge-iedutravel.

Figure 3.11 illustrates the spatial distributiontlod total benefit induced by the major bridges of
Montreal in terms of distance. A similar map (nbbwn) can be generated using vehicle-hours.

The figure shows that the benefits of bridge-induiead transport are much greater in off-island
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suburban municipalities than on the Island of Mealr Many of the sectors on the periphery of
the region consume less than their immediate neigtsbbecause their interaction with the city
of Montreal is not as great. Fundamentally, thergreflects the fact that morning peak period
travel between Montreal and its suburbs (reversaneoting) is much less prevalent than
conventional commuting toward the central city.

Figure 3.11: Total road consumption in vehicle-kiktres by municipal sector per typical
weekday

Figure 3.12 is a breakdown of bridge-induced trarisponsumption by region of residence and
by bridge. Montreal is the only region whose resid make use of all four screenlines. South
Shore residents use exclusively the South Shoreeskine and Laval residents are mostly
confined to the Laval screenline, although a smathber makes use of the Pont Charles-de-
Gaulle in the East screenline. Most bridges indsigaificant amounts of travel in three regions
but some bridges serve just two. For example, tiséokia Bridge (1302) is the only bridge not
used by a single Montrealer during the morning ppakiod since it provides access into
Montreal only. The bridge is used only by residesftshe South Shore and ti@»uronne sud
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The inbound Mercier Bridge (1501) serves @muronne sudlmost exclusively. The bridges of
the East and West screenlines in the inbound direterve only theCouronne nordand
Couronne sudresidents, respectively. The Médéric-Martin (14@Hd Louis-Bisson (1406)
bridges are notable for the exceptionally large amt® of VKT they induce. Although other
major bridges like the Champlain (1301), Charles=@eille (1602) and ile-aux-Tourtes (1504)
also carry important freeways, none induces anysvhear as much consumption. This pattern
can be attributed to the bridge users who make \@mg trips from distant origins in the

couronne nord
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Figure 3.12: Distribution of VKT by bridge and bggion

Figure 3.13 shows the consumption patterns by regib residence, measured in vehicle-
kilometres travelled. The distributions of VKT fdraval and the South Shore are both
compressed to the left as a result of their com&idageographic area and their close proximity to
the Island of Montreal. The twoouronnesare much larger and much further (in network
distance) from Montreal and so the distributiores ftatter. These two peripheral regions are the
primary consumers of bridge-induced transportatimyether they account for nearly half of all
the sampled trips and make up 60% of all bridgerved VKT. The long right tail of the

distribution of trips made by Montrealers suggestsliffuse pattern of reverse commuting.
Despite the large average length of these trips7(R8), the Island of Montreal accounts for
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only 13% of regional VKT. It is worth noting, howewy that Montreal consumes more vehicle-

kilometres than the suburban South Shore.

Consumption patterns by region (distance)

Region Trips VKT Avg.Length

Montreal 1218 28887 23.7
500 - South Shore 1255 22310 178

Laval 1981 36366 18.4

Couronne sud 2310 72295 313
Couronnenord 1819 59051 325
ALL 8583 218908 25.5
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Figure 3.13: Consumption patterns (distance) biyoregf residence

The same analysis using time as a measure of cqtsumyields very similar results (Figure
3.14). The only perceptible difference is a sligotpression to the left of the distributions for
the two couronnes suggesting that drivers living in these regioravél somewhat faster than
their counterparts elsewhere. An examination ofalerage speeds (or levels of service or time
costs of travel) experienced by drivers is discdgsxt.
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Consumption patterns by region (time)
700 1 Region Trips VHT Avg. Duration
Montreal 1218 413 20.3
600 South Shore 1255 354 16.9
Laval 1981 544 16.5
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Figure 3.14: Consumption patterns (time) by regibresidence

The usual metric used for comparisons of distareeeliled and time spent travelling is speed
(distance per unit of time) but here we adopt ritgerse, pace: the amount of time required to
travel one kilometre. The interest of using patkeathan speed is that pace takes the form of a
unit price. Generally speaking, modes of transpanich are monetarily costly have a low time
price. For example, a 500 km flight costs approxetya$0.40 and 6 seconds per kilometre
travelled. The same trip by car costs about $0rd 36 seconds per kilometre. One of the
peculiarities of intra-urban road travel is that thme price between different facilities (freeways
vs. local roads, for example) varies greatly bt thonetary price is essentially fixed. It is for
this reason that travellers try to maximize thestahce on high-speed facilities, which usually
means the same thing as minimizing their travektimlthough an estimation of the monetary
cost of travel is beyond the scope of the presealyais, comparisons of the time price (pace) of

travel are easily performed.

Another reason for using pace or time price instdfagpeed is the very precise concept evoke by
the term “speed”. Clearly, at many locations thadfit speeds simulated by an all-or-nothing
simulation do not resemble the actual traffic sgeexperienced during the congested morning
peak period. The goal, however, is to examine begacteristics of the offered transport service
rather than to evaluate how well the service abtymdrforms. For example, to drivers, a freeway
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is a multilane uninterrupted flow facility with aogted speed limit of 100 km/h. Traffic
congestion may cause the driver to experience spaaldw the posted speed limit but the other
characteristics of the facility he associates witd posted speed limit remain unchanged. The
measures of travel time and time price presented &g meant to illustrate the type of road
service that is available to and used by the ressdef each region. The absolute values of these

metrics are not intended to represent realistrtates of the traffic stream.

Figure 3.15 shows the distribution of trip pace lboidge users by region of residence. Each
region has a distinct distribution. The inset ¢asthows that residents of the South Shore pay the
highest time price (53.8 seconds per kilometre}teir use of the major bridges while residents
of the Couronne nordpay the lowest time price (47.2 seconds per kiloe)eThe average for

Montreal falls between these two extremes.

Consumption patterns by region (pace)
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Figure 3.15: Regional consumption measured in t&fpsce

Except for Montreal, the distributions for all thegions have multiple peaks which are the result
of the functional hierarchy of the road networkidges which form an integral part of the

freeway system carry trips with a lower averageepgx higher average speed). Trips using
bridges which are directly connected to the artedad network tend to have a higher average
pace. This effect is illustrated in Figure 3.16 evhishows the pace distribution of the Laval

screenline broken down by bridge. The trips with litwest average pace use almost exclusively
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the two bridges which are connected to the freemetyork at both ends (the Médéric-Martin
and the Louis-Bisson). The first peak in the parstribution includes the four bridges which
carry freeways. The second peak incorporates thps use the Viau and Lachapelle bridges
which carry arterial roads. The second peak alswagos trips that use the Papineau and Pie-1X

but these bridges are only connected to freewatygeatLaval ends.
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Figure 3.16: The effect of bridge choice on avensaee

3.5.3 Transport services supplied by municipalities

The supply of road transport in a municipal se@ajuantified using the total vehicle-kilometres
or vehicle hours travelled within the boundariesh&f sector. This quantity is proportional to the
amount of wear on the road system, the amountropalution, the amount of noise and the
amount of road space devoted to the vehicles dfgbrusers. Figure 3.17 shows the amount of
transportation service supplied by each municigaka to the clientele of the major bridges.
The sectors which are subject to the largest quesitof vehicle-kilometres travelled are located
primarily near the bridge heads. Some heavily-buedezones on the Island of Montreal are not

near any bridge but are traversed by multiple mageways.
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Figure 3.17: The freeway network and the road parissupply (in vehicle-kilometres) by

municipal sector

Differences in supply patterns are more obviousrmiie analysis is performed at the level of
the five big regions. Figure 3.18 shows the distidn of path segment lengths per large region
in terms of vehicle-kilometres. A path segmenthis portion of an itinerary within a single
region. Since the subsample of travel demand gghidy consists of trips which either start or
end on the Island of Montreal, that region conté@fi83 trip segments representing all the trips
in the survey sample. Moreover, given the regigedgraphy, it is natural that the Montreal
region should account for half of all the vehicieknetres supplied to the users of the major
bridges. The sharp peak in the distribution of llas@responds to the width of the Island of
Laval, indicating an important quantity of througfps. Were it not for through-travel, the
supply pattern of Laval would closely resemble &o$ the three other suburban regions. The
South Shore is also subject to through-travel,tbetphenomenon is not so easily distinguished

from the trip length distribution.
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Figure 3.18: Distribution of transport supply (diste) by region

Figure 3.19 shows the regional supply patterns aoredsin terms of time. Compared to the
distance-based distributions of transport supphg time-based distributions show a certain
amount of standardization across regions. All tbgianal distributions are centred on a 6-8

minute segment length and the distributions haaepsr peaks. The regional shares of VHT are

almost identical to the regional shares of VKT.
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~ Supply patterns by region (time)
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Figure 3.19: Distribution of transport supply (tir®y region

Figure 3.20 gives an impression of the time pribarged by each region for the use of the
infrastructure on its territory. This graphic refie the functional hierarchy of the network
employed by bridge users. For instance, the higiceatration of 36 sec/km (100 km/h) trip
segments visible in the distribution for Laval isegult of through trips which use only freeways
to traverse the region. The peak of the Montrestrithution 60 sec/km (60 km/h) indicates an
important quantity of arterial road usage. If pa&eonsidered a price of travel expressed in
terms of time rather than money, Laval charges ltheest price (47.5 sec/km), while the

Couronne sudharges the highest price (54.9 sec/km).
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Supply patterns by region (pace)
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Figure 3.20: Regional supply of road transport meas$in terms of pace

3.5.4 The role of networks in the distribution of costs ad benefits

The distribution of transportation costs and bdsefs a result of the built infrastructure
embodied by the road network. Each level in the& noetwork hierarchy contributes differently
to the redistribution process and the hierarchatalcture is therefore central to the issue of
equity. Here, the redistributive effects of thewmtk are examined base on the functional and
jurisdictional classifications of its componentk

With respect to road functional class, this rededras advanced the intuitive hypothesis that
drivers attempt to access the superior network igetty as possible and furthermore, they
maximize the distance travelled on the superiowagt. The trip itinerary database allows for a
verification of the hypothesis. Figure 3.21 represeéhe synthesis of a single average trip from
the 664,000 trip segments in the trip itineraryatdase generated by the validation model. The
figure represents a statistical expectation of ndtwusage and shows the distance-weighted
probability of using each link type as a functidntrip progress. For example, at the half-way
point of his trip, there is a 69% probability thatgiven driver is on the freeway, a 15%
probability that he is on an arterial road, a 5%bability that he is on a ramp, a 7% probability
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that he is on a provincial bridge and a 3% proligbihat he is on a federal bridge. Another
interpretation of the figure is the distribution\dKT by link functional class over the length of
an average itinerary. The area of each colouretbmerepresents the total amount of VKT

consumed on the corresponding network.

Generally speaking, at the very beginning of tifyw&hin the first 1% of the total length), the
local road network is dominant, accounting for 76Pall VKT. The use of local roads decreases
rapidly with trip progress. They are not used Abatween the first 25% and the last 20% of the
average journey. Collector roads follow a pattemmlar to local roads while major arterials may
be employed during all stages of the journey. Fegeswaccount for the majority of total VKT
and are used mostly during the middle stages whéeusage rate of ramps stays fairly constant
with the proportion of the trip completed. The pabbity of bridge use is somewhat skewed
toward the second half of a trip. This pattern gaties a coherent structure of the model network
and, since it is constructed using the observathbruse pattern, tends to confirm the hypothesis
that the distance travelled on the superior netvi®rkaximized and that minor roads (local and

collector) are mostly used for access purposdseatdry beginning and the very end of a trip.
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Figure 3.21: Expected network usage as a functiaonpoprogress for an average trip
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The redistributive effects can also be analysedgushe jurisdictional hierarchy. Figure 3.22
illustrates how different levels of government pd®/road transport services at different time
prices. The figure shows the distribution of conption in terms of time (above the horizontal
axis) and distance (below the horizontal axis) dsirection of trip duration percentiles. The
shortest trips are grouped into the first percenthile the longest trips are grouped into the
100" percentile. Consumption is measured on the lefs and the average pace of each

percentile is measured on the right axis. Severaltg are worth emphasizing.

First, the use of the municipal network, whetheaswed in terms of time or distance, does not
vary with trip duration. The provincial network, dme other hand, accounts for a progressively
larger proportion of consumption as the trip danatand length increase. The higher speed of
travel for longer trips is due entirely to the mmese of the provincial infrastructure. The federal

bridges form a negligible component of total conption, even though many trips would not be

possible if these bridges did not exist. Finallg time price (average pace) of travel decreases
steadily as the trip length increases, suggeshiagkistence of a constant travel time budget. If

this budget did not exist, there would be no retahip between consumption and pace.
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Figure 3.22: Road consumption by jurisdictionaWwaek
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An examination of the network using jurisdictiorédss reveals the level of service provided by
each jurisdiction as represented by average tspexd or average pace. Each functional class of
road has a different free-flow speed representingna cost of travel and each jurisdictional
network is composed of roads of multiple functiooksses. As a result of this structure, each
jurisdictional network has a unique “supply funatioln traffic assignment models, the most
discussed supply function is the one which reléitdsvolume to average speed. In the context
of equity, the supply function of interest relatap distance to average speed since it describes
how the price of travel changes with the amountaisumption. Here as well, the analysis is

performed using the itinerary database.

Figure 3.23 illustrates the variation of the timece of travel with distance over the four
jurisdictional networks. The trip length distribanis for each region of residence are also shown.
The time price of travel is again represented lyepathe number of seconds required to travel 1
kilometre. Each pace curve represents the variatidhe marginal cost of travel as a function of
total trip length. The curves are estimated usiata dyrouped by trip length. The average pace
for a given network for a particular trip lengthogp is calculated as the time spent divided by
the distance travelled on the network. Algebraygall

_ Xiyertimem

Py (2.18)

 Yier dimen
wherePy v is the average pace on netwddifor a trip length group, | is the length (in km) of
trip i, tym IS the travel time for trip on networkm, andd, , is the distance covered by tiipn

networkm.

The figure shows that, on the provincial netwonigvincial bridges and federal bridges, the cost
of travel initially declines sharply with trip destce. For trips longer than 25 km or so, the
average pace stabilizes. The large variationsenatlerage pace of the federal bridges for very
long trips are due to the small number of obseowati For travel on the municipal network, the

average pace is almost completely independenipoleingth.

The shapes of the pace curves are due entirehetsttucture of posted speed limits on the three
networks. The federal bridges have lower speedtdirthan the provincial freeways. In the

computation of pace, a bridge has a greater wengatshort trip than in a long trip. Provincial
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freeways typically account for a smaller proportmnthe distance travelled on short trips than

the distance travelled on long trips.

The figure illustrates how the marginal cost olveladecreases with distance meaning that, in
general, longer trips are made at higher speeds. fatt that the marginal cost function of
municipal roads is almost flat suggests that, gl trips, local, arterial and collector roads
(under municipal jurisdiction) account for only mall proportion of the total trip distance and,
for short trips, the structure of the local netwdides not provide a decrease in travel cost with
distance. In other words, the marginal cost ofd@fan a major arterial is not much lower than

the marginal cost of travel on a local road.
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Figure 3.23: Marginal time price of travel for egahsdictional network

3.5.5 Quantifying equity

Inequity in the territorial distribution of transpeelated costs and benefits can be described as
an overflow effect. Demand generated in suburbaitdges flows onto the Island of Montreal
and vice versa. Using the method demonstrated apleau & Morency (2004), the nature of
these overflow effects is shown in Figure 3.24. Whéth of each road segment represents the

volume of bridge-using vehicles that travelled be segment during the a.m. peak period, as
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predicted by the validation assignment model. Tokeimes on all other links are based on the
routes generated by the validation model. Each fiwap represents the traffic generated by one
of the five regions that make up the Greater M@itPegea and provides an impression of how
the external costs of road transport are redidibin space by the 15 major bridges.

A “transpiration” effect is apparent whereby traffrolumes generated from point sources are
channelled first along local roads and then towagth-speed, high-capacity infrastructure. The
greatest concentration of vehicles is found on nhm&or bridges. A dispersed use of the
municipal/local road network is especially evidenthe flow maps of Laval and South Shore
residents. The demand from other regions appears wuncentrated on freeways and major
arteries. While the flow maps for all the suburlbagions indicate a concentration of volumes
toward central Montreal, the flow map for Montreesidents demonstrates the diffuse nature of
reverse commuting. Montreal residents who crossnbgr bridges during the morning peak

period are not channelled toward any important eatration of destinations.
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Figure 3.24: Distribution of bridge-induced roadnsomption over the network for the five

major regions of the Greater Montreal Area

An indicator of equity can be constructed by cormmathe amount of transport consumed by a
jurisdiction to the amount it supplies. One sucmparison involves taking the ratio of the two
guantities. The result is shown in Figure 3.25hitiglue zones have ratios less than one meaning

that they consume less than they supply. Dark blures have ratios greater than one and supply
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more than they consume. Almost all the zones inldhier category are found in the suburban
regions while almost all the zones in the formeaegary are found on the Island of Montreal.
The three easily distinguished exceptions are gbtoss of Outremont, Céte-St-Luc and Dollard-

des-Ormeaux.

Figure 3.25: Ratio of road transport consumed &al toansport supplied

An alternative method of comparison involves piatthe amount of transport consumed against
the amount of transport supplied for each municgeator. Figure 3.26 shows the results of such
an exercise. Each point in the figure represemtsimicipal sector. The consumption of the sector
is plotted on the horizontal axis and the amountrafsport supplied is on the vertical axis.
Points above the axis of symmetry are in surplasesihey supply more than they consume.
Points below the axis of symmetry are in deficthey consume more than they supply. Almost
all the sectors on the Island of Montreal are irpkis. The three sectors with the greatest surplus
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are St-Laurent, Ahuntsic on the Island of Montraadl Chomedy in Laval. These three sectors
are close to several major bridges and are tragdogemultiple major freeways. The sectors
within Laval and the South Shore are clustered radothe axis of symmetry. The sectors
belonging to th&€€ouronne nordand theCouronne sudre almost all in deficit.
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Figure 3.26: Comparison of supply and consumptmmntiie 100 municipal sectors of Greater

Montreal

The supply-consumption relationships between eaadhigipal sector can also be examined
through the use of a supply-consumption matrixguké 3.27 is a visual representation of the
supply-demand matrix for bridge users. The verteak represents the sectors in which the
travellers reside. The horizontal axis represehes gectors within which road transport is
consumed. The bars at the top and the extremeafghe figure represent the total consumption
or supply for each municipal sector. The diameteeach bubble represents the number of
vehicle-kilometres. Each bubble along the diagoregresents travel within the zone of
residency. Especially large off-diagonal bubblegresent particularly important imbalances.
Some of these bubbles have been numbered in theefiBubble 1 represents the large quantity
of vehicle-kilometres consumed by residentsCafuronne nordmunicipality of Le Gardeur —

Repentigny on the Montreal municipality of Pointe«al rembles. This imbalance is a product of

the two bridges of the East screenline. Bubble dicates the vehicle-kilometres supplied by
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Ahuntsic (Montreal) to the residents of Pont-Viaavhal-des-Rapides (Laval). Ahuntsic hosts the
bridgeheads of three of the six Laval bridges. Birlyi, bubble 3 represents the consumption of
Chomedy (Laval) residents on the territory of Stitemt (Montreal). Finally, bubble 4 represents
the consumption of lle-Perrot (Couronne sud) reg&len the territory of Pointe-Claire resulting
from the use of the Pont Galipeault. In additioriitese sub-regional interactions, some broader
trends are also apparent. Although Montreal resgddeansume much less road transport than
their suburban counterparts, the Island of Montisahe major supplierCouronne sudand
Couronne nordesidents consume a significant amount of vehidtemetres on the territories of
the South Shore and Laval, respectively, indicaingimportant amount of through traffic on
these two latter territories. The large number aiz@ of bubbles along the matrix diagonal

indicates that an important portion of consumptsupplied by the municipality of residence.
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Figure 3.27: Supply-demand matrix of bridge trips

Road transportation consumed by households is igapply territories via the road network,
which is the shared responsibility of multiple gdictions belonging to one of the three levels of
government. Table 3.6 shows the distribution ofstwnption over the various jurisdictional
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networks and regions of Greater Montreal. Therlefit column contains each type of network.
The municipal and provincial networks are furtheibdivided by region. The percentages
represent portions of total regional consumptioor. &ample, 5.3% of all the VKT consumed
by Montreal-based bridge users is supplied by togipcial network located on the territory of

thecouronne sud

Globally, the provincial infrastructure carries 748b the total vehicle-kilometres travelled
whereas the municipal network carries 23%. Thersdpvernment provides the remaining 3%.
The regions of the Greater Montreal Area are eathiesl differently by the three levels of
government. For example, the residents Laval aerdStbuth Shore consume around twice as
much VKT on the provincial network as on the mup@tinetwork. By contrast, residents of the
two couronnesconsume four times as much VKT on the provincietwork compared to the
municipal network. Reverse commuters living in Meat are also highly dependent on the
provincial network. The reliance on the provinadmafrastructure is related to the average trip
length. The twocouronnesare most dependent on the provincial network bexahey are
located furthest from Montreal. The South Shore &adal are the least dependent on the
provincial network. The provincial infrastructurechted on the Island of Montreal supplies
29.8% of all VKT consumed in the region, the latggsare of any single network. Because all
trips in the sample begin or end on the Island ohivkeal, its municipal network is the only one
which contributes significantly to the supply cditisportation in the service of the major bridges
(11.8% of total VKT).

With respect to the redistribution of external sogsing the provincial network, tle®uronne
sud displays the least “equitable” tendency. It conesm4% of its VKT using the provincial
infrastructure on the territory of Montreal whilget provincial network on its own territory
accounts for 22.3% of its consumption. The othesghlsuburbs consume almost equal amounts

on their own territories and in Montreal (around@06f regional consumption in each case).

The supply-consumption patterns for the municipativork show that those of Laval and the
Couronne nord are most inequitable since they eamisume more VKT on Montreal’s
municipal network than on their own. The other subburbs use their native municipal network

more than Montreal’s.
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Table 3.6: Distribution of VKT consumed by juristianal network and region of residence

SUPPLY BY CONSUMPTION BY REGION (VKT)
TERRITORY AND
JURISDICTIONAL South Couronne Couronne
NETWORK (VKT) Montreal Shore Laval sud nord TOTAL VKT
FEDERAL BRIDGE 3.3% 13.2% 0.0% 3.9% 0.0% 3.2% 6997
PROVINCIAL BRIDGE 5.6% 3.4% 5.8% 4.4% 4.6% 4.7% 10365
PROVINCIAL 65.9% 51.7%  60.7% 73.5% 77.9% 69.0% | 151114
Montreal 28.0% 24.7% 30.3% 34.0% 27.5% | 29.8% 65130
South Shore 10.9% 26.8% 0.0% 17.2% 0.0% 10.0% 21831
Laval 15.0% 0.0% 30.0% 0.0% 23.2% | 13.2% 28977
Couronne sud 5.3% 0.3% 0.0% 22.3% 0.0% 7.8% 17117
Couronne nord 6.6% 0.0% 0.3% 0.0% 27.1% 8.2% 18059
MUNICIPAL 25.3% 31.7%  33.5% 18.1% 17.6% 23.0% | 50432
Montreal 15.1% 15.6% 17.6% 7.9% 9.5% 11.8% 25791
South Shore 3.7% 16.0% 0.0% 0.8% 0.0% 2.6% 5641
Laval 3.1% 0.0% 15.9% 0.0% 1.2% 3.4% 7369
Couronne sud 1.9% 0.1% 0.0% 9.5% 0.0% 3.3% 7144
Couronne nord 1.4% 0.0% 0.0% 0.0% 6.9% 2.0% 4487
TOTAL VKT 28887 25107 36366 69497 59051 218908
13.2% 11.5% 16.6% 31.7% 27.0%

When consumption is measured in terms of VHT (Tahl@ rather than VKT the picture

changes somewhat. The provincial share of supmlgsito 34% because of the higher speeds on

freeways. The municipal share of supply increaseg386 because link speeds on the municipal

network are lower than on the provincial networkaeTterritorial distributions of VHT

consumption are similar to the territorial disttiioms of VKT consumption. All the off-island

territories use the provincial infrastructure withihe territory of Montreal more than the
provincial infrastructure on their own territorigSonsumption on the municipal network is more

balanced with each suburban region consuming emualunts on its own territory and on the

island of Montreal.
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Table 3.7: Distribution of VHT consumed by juristiiimal network and region of residence

SUPPLY BY CONSUMPTION BY REGION (VHT)
TERRITORY AND
JURISDICTIONAL South Couronne Couronne
NETWORK (VHT) Montreal Shore Laval sud nord TOTAL VHT
FEDERAL BRIDGE 3.7% 14.9% 0.0% 4.6% 0.0% 3.8% 118.1
PROVINCIAL BRIDGE 4.7% 3.1% 4.3% 3.7% 3.6% 3.8% 118.0
PROVINCIAL 59.6% 456%  55.2% 67.3% 71.7% 29.9% | 918.8
Montreal 26.1% 23.1% 28.5% 30.3% 26.7% | 15.0% 461.3
South Shore 9.4% 22.2% 0.0% 14.5% 0.0% 3.3% 102.8
Laval 13.2% 0.0% 26.5% 0.0% 19.1% 4.3% 1337
Couronne sud 5.3% 0.3% 0.0% 22.4% 0.0% 4.4% 1339
Couronne nord 5.6% 0.0% 0.3% 0.0% 25.9% 2.8% 87.0
MUNICIPAL 32.0% 36.4%  40.5% 24.4% 24.7% 62.5% | 1921.4
Montreal 19.2% 17.6% 20.9% 10.4% 13.0% | 27.6% 848.5
South Shore 4.7% 18.7% 0.0% 1.0% 0.0% 8.6% 265.1
Laval 3.8% 0.0% 19.6% 0.0% 1.5% 11.3% 346.2
Couronne sud 2.3% 0.1% 0.0% 13.0% 0.0% 7.7% 236.4
Couronne nord 1.9% 0.0% 0.0% 0.0% 10.2% 7.3% 225.2
TOTAL VHT 413.1 394.2 543.7 950.9 774.4 3076
13.4% 12.8% 17.7% 30.9% 25.2%

The distribution of costs and benefits among the fiegions of the Greater Montreal Area is
summarized by comparing the amount of transportattonsumed with the amount of
transportation supplied in each region. Figure 3s2Be result of such a comparison in terms of
vehicle-kilometres travelled. The bars above thazbatal axis represent the consumption of
each region, while the bars below the horizontad agpresent the supply. The pie-chart in the
lower right corner shows the distribution of VKT esvthe four jurisdictional networks. The
figure demonstrates that Montreal supplies muchentban it consumes, that Laval and the
South Shore consume amounts roughly equal to tkdseh they supply, while the two
couronnesconsume much more than they supply. This patsegonsistent with the location of
the major bridges within the regional geographyncgi all trips in the demand subsample
originate or terminate on the Island of Montrealisi natural that Montreal should supply the
greatest amount of road transport resources.dgjiglly logical, although less obvious, that the
regions of the South Shore and Laval should halenbad supply and demand because these
two regions provide road infrastructure to residesftthecouronne suagnd thecouronne nord



216

respectively. The twaouronneslocated at the extremity of the Greater Montrada, supply
road infrastructure to only a small number of reeecommuters from Montreal. An important
segment of the populations of these regions workiamtreal and, as a result, the amount of

consumption in the twoouronnegreatly exceeds the amount of supply.
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Figure 3.28: VKT consumption and supply by regaonl by jurisdictional network

A similar figure (not shown) can be constructedngsvehicle-hours travelled but it is more
meaningful to compare the time price charged by eagion with the time price paid by the
region’s residents. This comparison is accomplisine@iable 3.8 which compares the average
pace of consumption with the average pace of supayal and the South Shore both charge
lower rates than what their residents pay. In nomreventional terms, this result means that the
level of service (as represented by average spwedided by Laval and the South Shore to all
users is higher than the level-of-service expegdruy travellers who reside in these regions. By
contrast, the twacouronnesprovide lower levels of service than those expeee by their
residents on the networks of the other regions.rébelents of the Island of Montreal experience

the same time price as that which is supplied by thome region.
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Table 3.8: Comparison of time price consumed amglged by region

PACE PACE
Territory of residence (Consumption — sec./km)  (Supply — sec./km)
Montreal 51.5 51.4
South Shore 56.5 48.3
Laval 53.8 47.5
Couronne sud 49.3 54.9
Couronne nord 47.2 49.9
ALL 50.6 50.6

3.6 Application of simulation results to the measuremen of the

redistributive effects of major road infrastructure

The analysis in the previous section was basedaiidation model using declared partial path
information which was assumed (with some empireapport) to be reliable. This section
examines the effect on an equity analysis usingilsition, rather than observation, as input data.
The equity indicators computed in section 3.5.5@mpared to the same statistics generated
using the results of the all-or-nothing simulatiorodel described in Chapter 3. This model
successfully reproduced 74.8% of declared bridgpaeses. The goal is to illustrate that the
simulation (predictive) model generates indicatofsequity which are comparable to those

derived from the validation model.

3.6.1 Trip length distributions

The initial comparison of the validation and simida models involves a general examination of
the traffic assignment results. Figure 3.29 shdwesttip length distributions of the two models in
terms of distance and time. Since the simulatiomehds an all-or-nothing assignment to the
shortest path, the distribution of trip durations the simulation model is slightly to the left of
the distribution of the validation model. Therents guarantee that the simulated distribution of
trip distances will also be to the left of the dalied distribution, but it appears to be the case
here. Table 3.9 indicates that the itineraries gend by the simulation model are on average
2.7% shorter in terms of distance and 7.7% shanteéerms of time, relative to the validation
model. These two statistics represent an averaggdggifference of 3.9 km/h.
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Figure 3.29: At left, the distribution of trip leting (distances) and at right, the distribution of

durations (travel times) for validated and simudabeidge responses

Table 3.9: Summary comparison of the validation sintulation models

Validated | Simulated Difference
VKT 218908 213042
-2.7%
Avg. length 25.5 24.8
VHT 3076 2838 0
Avg. duration 21.5 19.8 1T
Avg. speed 71.2 75.1 5.5%

3.6.2 Consumption and supply

The equity analysis in the previous section wasth@asm a comparison of the amount of transport
consumed and supplied by each territory in the 8rddontreal Area. It is therefore important
to verify that the simulation model does not predi@stically different quantities of supply and
consumption at the territorial level. Figure 3.30npares the amount of transport consumed by
the 100 municipal sectors as calculated by the nvealels. Consumption is measured both in
terms of distance (VKT) and time (vehicle-minutemselled or VmT). Apart from the
systematic underestimation of consumption by theukition model, the correspondence is

almost exact.
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Comparison of consumption by municipal sector
10000 -
9000 - y20981X-16827 °
R?=0.9984
— 8000 -
b4
> 7000 -
o
k= 6000 y=0.9302x-13.833
> 5000 R?2=0.9976
c
-% 4000 ® VKT  4VmT
S
£ 3000
% 2000
1000
0 T T T 1
0 2000 4000 6000 8000 10000
Validation VmT or VKT

Figure 3.30: Comparison of the amount of transportsumed by municipal sector between the

simulation and validation models

Figure 3.31 is a comparison of transport supplietdithe results of the two models are very close
to being identical, although the calculation ofnBport supplied appears to be slightly more
sensitive to the parameters of the simulation ahgport consumed but the discrepancies

between the two models are very small.
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Comparison of supply by municipal sector
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Figure 3.31: Comparison of amount of transport agpby municipal sector between the

simulation and validation models

3.6.3 The VKT balance

The influence of the simulation on model on thepyygonsumption balance is tested in Figure
3.32 and Figure 3.33. Figure 3.32 plots, for th@ frunicipal sectors, the supply-consumption
balance predicted by the validation model verswst tiredicted by the simulation model.

Whether the employed metric is based on VKT or tMmeT, the results are almost the same.
There is a very strong linear relationship betwd#envalidation and simulation model results.
Based on the slope coefficients of the two regosssiquations, the simulation model tends to
underestimate the differences between municipabwmption and supply, meaning that the
inequities are slightly attenuated in the simulatmodel. These findings are further confirmed
by Figure 3.33 which shows the VKT balance for eaththe five regions of the Greater

Montreal Area. The differences in results generaethe two models are almost imperceptible.
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Comparison of consumption-supply balance by
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Figure 3.32: Comparison of the supply-consumptiatatce for the 101 municipal sectors

between the simulation and validation models
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Figure 3.33: Comparison of VKT balance for the fiaege regions

Finally, the impact of the simulation model on thistribution of transportation resources via the
various jurisdictional and functional networks ¥aamined. Table 3.10 compares the distribution
of VKT and VHT over these networks in the simulati@nd validation models. The

discrepancies apparent in this table are muchrddhga those discerned in the territorial analysis
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above. The percentage in each cell representstmpaf the total quantity for the model in

guestion. These totals are shown in the bottomdirtbe table.

Since all but two of the functional road types attronly small shares of the total traffic, the
most significant differences are found in the uspgterns of freeways and arterial roads. The
simulation model underestimates the use of the doramd overestimates the use of the latter at
both the provincial and municipal levels. This fimgl suggests that the attractiveness of freeways
is not due solely to their time-saving attribut8eme drivers evidently prefer them over arterial

roads even if their total travel time is longer.

Table 3.10: Network usage patterns based on th@laion and validation models

VALIDATION SIMULATION % DIFFERENCE
NETWORK VKT VHT VKT VHT VKT VHT
FEDERAL BRIDGE 32% 3.8% | 3.3% 3.5% 217%  -9.38%
PROVINCIAL BRIDGE | 4.7% 3.8% 4.9% 3.8% 4.20% -0.69%
FREEWAY 49.5% 38.0%| 51.9% 39.0% 4.83% 2.49%
RAMP 5.4% 7.7% 5.1% 7.6%) -6.74% -1.62%
ARTERIAL 13.8% 16.3%| 12.4% 15.5% -10.14% -5.35%
COLLECTOR 0.3% 0.4% 0.3% 0.4% -13.13% -8.36%
PROVINCIAL TOTAL [73.8% 66.3% | 74.6% 66.2% 1.07%  -0.17%
RAMP 0.5% 0.7% 0.5% 0.7% -8.54% -3.52%
ARTERIAL 16.9% 20.0%| 16.2%  20.2% -4.05% 1.22%
COLLECTOR 2.5% 3.6% 2.5% 3.8% 0.25% 5.76%
LOCAL 3.1% 5.6% 3.0% 5.6% -4.36% 0.88%
MUNICIPAL TOTAL 23.0% 29.9% | 22.2% 30.3% -3.72% 1.58%
ALL 218908 3076 | 213042 283§ -2.68% -7.75%

3.7 Traffic models and the costs of congestion

In the context of a discussion on the pricing andrfcing of urban road transport supported by
disaggregate, information-based analysis tools,isit important to consider alternative
perspectives. This thesis has examined the probleroad pricing using a concept of equity
defined in geopolitical terms and has partiallyessed geopolitical equity based on directly
observed usage of important infrastructure elememisodied by the major bridges of Montreal.
The distribution of external transport costs assed with the use of the major bridges was
compared to the distribution of the associated fitsndhe existence of gaps between costs and
benefits, measured at the level of politically-defi territories, illustrated the pertinence of a

regional equalization mechanism for the sharecimeg of major road infrastructure.
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This approach to the analysis of transportatioateel costs and benefits is particular to the
transportation planning culture within the GreadMontreal Area. The more conventional
approach — covered extensively in academic andlappterature — is concerned with imputing
a monetary value to the external costs of autoradlalvel for the purposes of establishing a road
pricing regime that would charge drivers a tolctver these external costs. This pricing system,
from a certain perspective, can also be considegeitable since it requires each driver to pay
the true cost of his or her consumption. It does however, account for the external costs of
transport already borne by drivers, particularlyewlhey are not driving.

But this conventional approach to road pricing Imees more questionable when it considers
traffic congestion to be the most important exteowst of associated with automobile use. This
premise is problematic and is therefore worth examgi in detail. Moreover, the conventional
approach has been applied to the Montreal casg tlstnsame travel survey data that formed the
basis for the analysis contained in this thesisa#t yet to be demonstrated that survey data alone
are sufficient for the legitimate assessment ofgestion phenomena. This suggestion was
already made in Chapter 2, but the point shouldrésemphasized if traffic congestion is
recognized as a monetarily-quantifiable externat o private automobile transport.

The evaluation of the costs of congestion in Grelstlentreal has been accomplished using the
concept of a congestion threshold (Gourvil & Joub@004; Conseillers ADEC, 2009).
According to the methodology applied in these regpdhe congestion threshold is defined as an
average link speed corresponding to 60% of the fiek-flow speed. A link is designated as
“congested” when its average speed falls below d¢begestion threshold. The idea of a
congestion threshold is based on the fluid-flow elanf traffic (Figure 1.2) where two distinct
flow regimes can be identified: free-flow and faldéow. The two regimes are separated by the
link capacity. The free-flow regime exists wheraffic density is less than the density observed
at capacity and the forced-flow regime exists wheedfic density exceeds the density at
capacity. Empirical data are cited to show thatdbegestion threshold speed corresponds to a

maximum rate of traffic flow on the link or, in @hwords, the link capacity.

For the purposes of estimating the costs of cormgestraffic congestion is represented by a
particular conception of delay that is unrelatedhi® intuitive notion of arriving late. Total delay

(d) is calculated as the difference between the tosakl cost on the link and the hypothetical
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total travel cost that would be incurred if the samaffic volume could use the link at the speed

corresponding to the congestion threshold. In otveds:

d = max[(T(V) — T(C))V, 0] (3.1)

whereV is the total demand for the link in vehicldgy) is the time required to cross the link
when the demand ¥ andT(C) is the time required to cross the link when thierage speed on
the link is 60% of the free-flow speed. This lattendition corresponds to a total demand equal
to the link capacityC. An example of the methodology is found on pageol§Gourvil &
Joubert, 2004). Link travel times are not directhserved but are simulated using volume-delay

functions similar to those discussed in section21433.

The quantityd is multiplied by an assumed monetary value of timerder to express the cost of

congestion in terms of dollars. Distinct valuesiofe are imputed to each trip purpose. Using the
data in the 2003 travel survey and the calculapoocedure just outlined, the total costs of
congestion in the Greater Montreal Area were assess$1.4 billion (Conseillers ADEC, 2009).

In order to illustrate that this method of calcirgt congestion costs is, at the very least,
guestionable, the following sub-section describshat thought experiment using one of the 15
major bridges of Montreal The concept of congest@snan external cost with a theoretical
monetary value is also debatable. Some pointsrsider in this regard are offered in the second

sub-section.

3.7.1 Models of delay: experiment on a single link

The Charles-de-Gaulle Bridge in east Montreal seagan example of a single congested link.
The assertion that it is congested on a typicakaag morning is based on anecdotal evidence.
Some supporting empirical evidence might be obthimgeexamining traffic counts collected by
the Québec Ministry of Transport (Figure 3.34).eTigure shows a traffic flow rate that varies
considerably over the course of the day. It is lnigtatable around its maximum value during the
morning peak period. This maximum value of appratily 6,600 veh/h is a good candidate
value for the capacity of the bridge. But accordiaghe model of congestion costs discussed
above, congestion occurs when the average spe#itiedmk falls below 60% of the free-flow

speed. The calculation of congestion costs thezefequires traffic speed as input. To date,
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measured traffic speeds have not been used. Insieadation models have been constructed to
estimate them. What follows is an examination @ 8imulation modelling framework and the

implications for its use.

Variation of flow rate on the Charles-de-Gaulle Bridge
(toward Montreal)
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Figure 3.34: Variation of traffic toward on the Cles de Gaulle Bridge on an average weekday

based on counts by the Québec Ministry of Transport

In order to simulate traffic on the bridge, it igst necessary to determine the bridge’s
dimensions. This bridge has a lengthdf 2 km and carries 3 freeway lanes in each tioec
Only the Montreal-bound direction is analysed iis #xperiment. The posted speed limit on the
bridge is 100 km/h and this value is used as the-fiow speedS). The free-flow travel time of
1.2 minutes is computed as the bridge length divialethe free-flow speed. The roadside counts
indicate that the maximum observed flow rate ofielels on the bridge in the direction of
Montreal is 6,600 veh/h. This rate is taken asddygacity of bridge@). These dimensions are
summarized in Table 3.11. The bridge is then sitedlaising two hypotheses concerning travel
demand. The first hypothesis is that demand isoumifover the simulation time period. The

second hypothesis is that demand varies over these®f the simulation.
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Table 3.11: Attributes of the Charles-de-GaulledBe

Variables Symbols | Values in the
static model
Length I 2 km
Free flow speed S 100 km/h
Free flow travel time To 1.2 min
Number of lanes n 3
Maximum flow rate CorC. 6,600 veh/h
Study period 1h
Minimum vehicle spacing S 10 m
Effective vehicle length L 0.003333 km
Queue length at the link exit Q
Maximum gueue size (physical capacity) C, 600 veh

3.7.1.1 The costs of congestion under uniform demand

Following the prescribed method for measuring tbets of congestion, the link is analysed
using a volume-delay function and a congestionstiolel. This approach is analogous to the one
used in Gourvil & Joubert (2004) and ConseillersEXD(2009). Three different hourly volumes
(V) are considered in the experiment: 6,000 veh,®By&h and 7,200 veh. In all three cases, the
demand is assumed to be uniformly distributed @vene-hour period. This assumption is built
into the volume delay function which is an expressof average cost as a function of demand
over the analysis period. The volume-delay funcibiwsen for the present experiment is the

BPR function with the following form:

VAP
TWV) =T, [1 +a (E) l (3.2)
whereT is the travel time on the link when the volum&/|d, is the free-flow travel time on the
link, C is the link capacity, and and g are calibration parameters. In practieeand are
specified in such a way that the simulated linkunoés and speeds correspond as well as
possible with the real link volumes and speedsoatations where such data are available.
According to the literature, common values tomand S are 0.15 and 4, respectively. The
parameter is especially important in the presesdtudision because it defines the average speed

of traffic when the link volume is equal to theKinapacity. In principle, to remain coherent with
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the notion of a congestion threshold and the filodv model of traffic,a for the Charles-de-
Gaulle bridge should be fixed at a value that gi@dmk speed equal to 60% of the free-flow
speed at when volume is equal to capacity. Whenlitiketravel time at capacity is the link
length divided by the speed at capacity (expressed.®), the parameter is uniquely
determined as follows. When volume equals capattigy/ratioV/C is equal to 1. Using equation
(3.2):

l
T(C)=To[l+a] = 0Es (3.3)

l
@ = 06sT, (3.4)

But STy is equal td. Therefore

1
@ =5z~ 1=06666 (3.5)

In other words, if the definition of a congestidmashold of 60% of the free-flow speed is
adopted, them must be equal to 0.667 for our example link. Bhgarameter determines how
rapidly the link travel time will increase with ireasing volume. A typical value of 4 is adopted

here.

By combining equations (3.1) and (3.2), the fornfolatotal delayd, whenV > C becomes:

B
d = <TO [1+a(%> l—To[1+a]>V (3.6)

which simplifies to:

d= l(%)ﬁ - 1] aTyV (3.7)

This formula is used to compute delay under theghdemand scenarios. A summary of

particular link characteristics for each level ehtand is found in Table 3.12.
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Table 3.12: Indicators of link performance usingogdume-delay function

Units Demand {)
Indicators veh/hr 6000 6600 7200
Free-flow travel time min 1.2 1.2 1.2
Free-flow total cost* veh-hr| 120.0 132.0 144{0
Average speed km/h 68.5 60 52
Travel time min 1.75 2.00 2.33
Total travel cost veh-hr 174.6 220.0 2800
Travel time at capacity min 2.00 2.00 2.0p
Total cost at capacity* veh-h 200.0 220.0 240.0
Average delay per vehicle min 0.00 0.00 0.33
Total delay (Congestion cost) veh-hr 0.0 0.0 40.0

* Hypothetical

The table shows, first of all, that the delay imedrwhen the demand is 7,200 veh is quite small.
On average, it is 0.33 minutes (20 seconds) peachkeand the total for all vehicles is 40 vehicle-
hours or 14.3% of the total travel cost. Note thatemand of 7,200 vehicles corresponds to a
volume-to-capacity ratio of 1.2 and average spdesokm/h. Moreover, when the demand is
6,000 veh, the average speed on the link is 68/ kntonsiderably lower than free-flow speed.
This reduced speed results in zero delay, as akfmequation (3.1). Finally, it must be noted
that when demand is equal to capacity, the tothydes still zero. This model of congestion
appears therefore to imply that no congestion castsgenerated by the Charles-de-Gaulle
Bridge since the level of demand never exceeddtluge capacity. This finding illustrates a
contradiction inherent to the use of volume-delagctions: the link can carry a volume that
exceeds its capacity. In the case presented Herdink volume must exceed capacity if any

congestion costs are to be generated.

The volume-delay function is not the only way todabcongestion. An alternative (and perhaps
more coherent) approach is offered by the queuindeaindiscussed in section 1.3.1.2. All the
parameters of the problem are unchanged excejpt &md/, which are no longer required, and
the addition of a spacing parame&mepresenting the minimum distance between the #ods

of two consecutive vehicles. For demonstration pses, a reasonable value of 10 m is assumed
for s. In the queuing model, the spacing parameterad ts calculate an effective vehicle length

(L). For a single lane, the effective vehicle lengtlequal to the minimum spacing. With three
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lanes, however, vehicles can travel parallel tdhedber. As a result 10 linear metres of road can
hold 3 vehicles. The effective vehicle length foe tink is therefore 3.33 m in this case. These

experimental parameters are listed in Table 3.11.

One of the peculiarities of the static model ist tha maximum value is imposed either on the
volume of traffic that can use a link or on the ammipof delay that a link may generate. By
contrast, the queuing model imposes two limitshenrtumber of vehicles that can use the link: a
temporal capacity and a spatial capacity. Here efnd thetemporal capacity(C;) as the
maximum hourly volume which caexit the link. In the present example it is set at 6,88h/h
based on the maximum flow rate observed in Figudd4.3n other words, a queue will form if
the rate of arrivals at the link exit exceeds 6,688/h. In the absence of a queue, the average
speed on the link is equal to the free-flow speHae travel time on the link becomes an
increasing function of demand only when a queustssta form at the exit. In such situations, the
travel time ) for a single vehicle arriving at the bridge entra at timd is:

t [—Q()L
Tn(t) = Qc(t) + g( ) (3.8)

whereQ(t) is the number of vehicles in the queue at timEhe right-hand side of this equation
has two components which are added together. Tse domponent represents the time an
individual vehicle spends in the queue. This congmbroffers a definition of delay that is less
arbitrary than the one provided by a congestioadiold. It takes a value of zero as long as the

arriving flow rate is lower than the temporal capac

The second component represents the time spenherink while not in the queue. This
component exists only if the queue length is lémstthe link length. This constraint on the
length of the queue could be called spatial capacity(Cs) of the link. The spatial capacity is
determined by the amount of two-dimensional spacea) provided by the road segment. Every
segment has a width expressed in terms of numbaneén, and a length. The division of this
space by the minimum vehicle spacispgdives the physical capacity.

nl

Cs = 5 (3.9)
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The present link has three lanes and is 2 km |owigtlee minimum vehicle spacing is 10 m. The

spatial capacity of the bridge is therefore 600clek.

In order to compare the static and queuing models necessary that the travel time function in
the queuing model be expressed in terms of thelyhal@mand ¥) since no time-dependent
relationships are defined in the static model. Tothis, the queuing phenomenon must be

expressed as an average cost over the time peooddtot;:

1Q(t) l_Q(t)L
:0 Gt st

T(V) = (3.10)

th— 1t

If tois O and; is 1 (in units of hours) then the average is taker the time period during which

vehicles arrive at the link entrance. The abovaesgion therefore becomes

1 —
Q(t)+l Q(t)Ld

T(V) = G 5 t (3.11)

0
Nothing further can be accomplished unless theutwwnl of the queue over time is specified.
Initially, a uniform distribution of demand is assed. In other words, vehicles enter the link at a
constant rate for exactly 1 hour after which thended falls instantaneously to 0. This
assumption is implied in the static model. At angmentt, therefore, the length of the queue
(Q) is the strictly positive difference between thenulative arrivalsA(t) and the cumulative

departure®(t) at the link. In other words:

Q(t) = max[0,A(t) — D(1)] (3.12)

The cumulative arrivals depends uniquely on thaltdemand and the cumulative departures
depends uniquely on the link capacity.

A(t) =Vt (3.13)
(G IfQ(tT) > 0
() = {a(t) otherwise (3.14)

wheret™ is the instant just prior tb Since
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t
p(© = [ dwdu (3.15)
0
And since the arrival rate exceeds the temporad@gpfor the entire hour, then

Q(t) =Vt — Cit

Q)= —-Ct (3.16)

Using equations (3.11) and (3.16) the expressiomferage travel time in the presence of a

gueue becomes

1tV_Ct l_tLV_Ct
T(V)=jO (Ct )+ (5 )dt (3.17)
2W-c) It LV -C)l
TW) = %+§t—% (3.18)
V—C)/1 L\ I
Ty =\ . )(C—t—§)+§ (3.19)

Using equations (3.1) and (3.19), the expressiondi@l delay using the queuing model when

V= Cis:

d:I<V—ZCt>(1_£)+£_£]V

g [(V —2 Ct) (clt B é)l v (3.20)

This formula generates the link performance charatics shown in Table 3.13.




Table 3.13: Indicators of link performance usinguauing model

Units Demand {)

Indicators veh/h | 6000 6600 7200
Free-flow travel time min 1.2 1.2 1.2
Free-flow total cost veh-h 120 132 144
Avg. speed km/h 100 100 36.0
Avg. Travel time min 1.2 1.2 3.3
Total travel cost veh-h 120 132 399.8
Avg. Travel time at capacity min 1.2 1.2 1.2
Total cost at capacity veh-h 120 132 144
Average delay per vehicle min 0 0 2.13
Total delay (Congestion cost) | veh-h 0 0 255.3
Max queue length ven 0 0 000

m 0 0 2000
Max travel time min 1.2 1.2 5.5
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Using the queuing model, the total delay is muakatgr than that obtained using the volume-
delay function (255 veh-h vs. 40 veh-h). Moreovke, delay calculated using the queuing model
represents 64% of the total travel cost (255 velwhof 399 veh-h) whereas using the volume-
delay function, the delay represents only 14.3%heftotal travel cost (40 veh-h out of 280 veh-
h). Finally, the demand of 7,200 vehicles generategaximum queue length equal to the length
of the bridge and is therefore the highest unifalemand that can be coherently simulated

without adding an upstream link.

In order for the volume-delay function to generatdelay comparable to that calculated using
the queuing model, either the incoming volume oe th parameter must be increased
significantly. The effects of doing both are illieged in Figure 3.35. Box d1 represents the delay
generated by setting thieparameter equal to 15. Box d2 represents the dekyting from a
total demand of 8,800 vehicles. The total delaypoth cases is equal to 255 veh-h — the same
value obtained using the queuing model. The legitynof using 15 as a value f@ is
guestionable. It should also be noted that a tmhand of 8,800 vehicles would produce a
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gueue 5.3 km longer than the link itself. In sunmyndhe volume-delay model is difficult to

reconcile with the observed supply and demand cheniatics of the Charles-de-Gaulle Bridge.

Volume-delay functions
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Figure 3.35: Total delay generated by two diffenesitime-delay functions

3.7.1.2 The costs of congestion under non-uniform demand

While the volume-delay model requires the assumpioa uniform distribution of demand, the
gueuing model does not. The queuing model can bd ts illustrate the importance of the
demand distribution in the estimation of delay eauby traffic congestion. A commonly-used
distribution in queuing systems is the Erlang disttion whose probability density function is

given by:

Akxk—le—lx

N e

(3.21)

A convenient characteristic of the Erlang distribntis that its shape can be modified using the
parameterk andA. Regardless of the exact form of the distributadrarrivals, any plausible
non-uniform distribution implies the existence opeak level of demand. This peak will be
considerably higher than the average demand forp#reod. For example, under uniform
demand, it was shown that 7,200 vehicles was tigeesa traffic volume that would generate a

gueue shorter than the bridge itself. Under a nafetm distribution, however, the queue can
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exceed the bridge length even if the total demarmbnsiderably lower than 7,200 vehicles. This
effect is illustrated in Figure 3.36 which is basedan Erlang distribution of arrivals with bdth

andA equal to 5. The figure shows a queue that begirferta after about 15 minutes and is
reabsorbed after nearly 45 minutes. Even thouglguleee is of brief duration, it reaches the link
entrance (2 km upstream from the exit) after aldduminutes. Also, despite generating a very
long queue, the total demand of 4,150 vehicles ushnless than the temporal capacity of the
bridge. If the volume-delay model were applied mstcircumstance, no delay would be

calculated on the bridge.
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Figure 3.36: Queuing model using a non-uniform desndistribution

3.7.1.3 Summary Conclusions

This experiment has demonstrated the inconsisteriomplied by the use of a static traffic
assignment model for the calculation of congestosts. First, the definition of congestion
imposes a restriction on one of the calibratiorapaaters of the volume delay function. Second,
the volume-delay function simulates significant gestion effects only at physically impossible
levels of demand. Third, the amount of delay onn& bepends not only on the amount of
incoming traffic, but also on its temporal distrilaun — an element which cannot be incorporated

into the static model.
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The queuing model generates a much higher estiofiaelay than the volume-delay model. The
enormous discrepancies between the results ofwhenodels, as well as the numerous arbitrary
elements of the volume-delay function and its assed congestion threshold, call into question
the credibility of congestion cost estimates basedimulated congestion. Direct observation of
traffic speeds and flow rates are required for gitilmate assessment of congestion costs,

although the concept itself should be scrutinizethkr.

3.7.2 Congestion costs, equilibrium and the implicationsfor equitable

transport

While the use of static models to estimate congestosts presents some methodological
difficulties, the practice of classifying recurretraffic congestion as a cost on society is
problematic from the perspective of equitable tpamtation. Aside from the already-argued

proposition that the operating objectives of trensport system extend beyond mere efficiency,
the soundness of quantifying congestion costs isstipnable on the grounds that recurrent
congestion represents a suboptimal equilibrium betwsupply and demand (Stopher, 2004a).
The traditional notion of congestion costs has tgexl from the economist’s habit of equating
inefficiency with loss. In addition, if one acceplst a user-equilibrium represents a suboptimal
state then the cost associated with inefficienay caly be calculated by comparing the user-
equilibrium with the most efficient optimum: thessgm-equilibrium. The difficulty associated

with such an analysis is that it implies the assiwnpof much greater responsibilities by road

system operators. In order to approach a systemmuopt condition, the road network must be

equipped, at the very least, with a control systiea measures traffic conditions in real time and
with a credible means of relaying relevant infonmatto vehicles. Such systems are costly to
implement and operate. It is much easier for a my@&tator to charge its users a toll for the use
of the road based on the hypothesis that the tilsersselves are responsible for the inefficient
allocation of resources represented by prevailiaffit conditions. This hypothesis appears to be

the basis for imputing a monetary cost to recurcenigestion.

Moreover, the notion that time spent in congestatfit represents an economic loss is thrown
into question by the observed behaviour of drivérdias previously been proposed that the
monetary value of travel time experienced by pawvetizens in the course of their day-to-day

activities is impossible to quantify (see sectia@.B). Rather than attempt to attach a dollar



236

amount to time spent travelling, it may be moretfulito recall the concept of equilibrium. In
principle, a generalized equilibrium includes nailyothe transportation system but also the
activity patterns of individuals. Within strict tenconstraints, people plan their daily routine in
such a way that they are able to sleep, eat, woake for their families and indulge in
discretionary pleasures. The effectiveness of ttteduling effort depends on each person’s
awareness of the duration and the scheduling fléyilof a given activity. For most activities,
these parameters are easily determined. Travelasaotivity where the amount of time required
is not known with certainty, at least initially. ¥Wiexperience, travellers construct an expectation
(an average) of the time needed to complete acpéatijourney and plan their daily schedule
accordingly. The equilibrium state of the transpbon network in general, resulting from the
choices of all travellers with respect to departtime, mode and route, arises from this
expectation. Under stable circumstances, an indalicthas no incentive to change his travel

patterns since it will require him to rescheduleentactivities.

If, on the other hand, the equilibrium is disrupteyl an extreme event such as the complete
closure of a freeway or a major snowstorm, the @etsscheduling system fails. People arrive
late, miss appointments, are forced to cancel iiesvand so forth. The monetary costs
associated with these events are theoretically unabke and of significant magnitude, yet little
effort is made to quantify them. From this perspegtthe costs of congestion are generated not
by the bad habits of drivers, but by failures @ tbad transport system. Inadequate maintenance
will require road closures and unsafe design ingdumestly traffic accidents. By ignoring the
costs of non-recurrent congestion, the method egppio measure the costs of congestion in
Greater Montreal allows road network operators t@de accountability for the proper

functioning of their own systems.

3.8 Conclusions

This chapter has demonstrated a methodology farsasgy the degree to which the current
operation of major road facilities, as represengdobserved travel behaviour, constitutes
equitable transport policy. Using information irettiavel survey, it was possible to ascertain the
distribution among different population groups loé texternal costs of road transport associated
with automobile travel on the major bridges. Thssessment was performed using a validation

model that correctly reproduces 100% of the obgktwedge choices. However, it was shown
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that the use of an assignment model which correeftyoduces nearly 75% of observed facility
choices yields aggregate indicators of equity whith not differ significantly from those

generated by validation model.

With specific reference to the Montreal case, sgem®eral conclusions can be drawn. First, the
primary beneficiaries of the major bridges are desis of the suburban communities
surrounding the Island of Montreal. Second, thandlof Montreal assumes nearly half the total
cost of transportation related to the use of themaidges. Third, the suburban regions closest
to Montreal (Laval and the South Shore) are eglyitatbated by the fifteen major bridges in the
sense that the benefit they obtain is almost etguile costs they incur. The equality of costs and
benefits in these regions is due to the importahines of through-traffic using the network on
their territory. The outlyinggouronnesextract the greatest benefit and are subject tdathest
external cost burden. These regions are currexibpereencing the highest rate of population

growth within the Greater Montreal Area.

These findings do not imply that some of the majidges of Montreal should be closed or even
that they should be tolled. Both these measuresuatmo an increase of transportation costs
within the region and, while they would certainlyea travel patterns, they would do little to
address the distribution problems outlined abowdatt, bridge users living in Laval, the South
Shore and in Montreal would be penalized by thesasures even though current traffic patterns
suggest that they are not net beneficiaries ofgerithfrastructure when external costs are
considered. Rather, these findings are furtheresad in support of the theory that major road
facilities linking the central city to suburban comnities tend to encourage the development of
the suburban communities at the direct expensdefcentral city. Tolls are instruments too

blunt to rectify the underlying cost-benefit imhata.

Furthermore, this study has illustrated the impar¢aof the provincial level of government in
the distribution of road transport resources. Aliflo the provincial network is estimated to
account for 12.8% of the entire Greater Montrealdreystem (see Table 2.3), it supplies 74% of
regional VKT and 34% of regional VHT associatedhwtite use of the 15 major bridges (11 of
which are provincially controlled). This dominatiohthe road transport market is attributable to
the low time price of travel (high speeds) offefeg provincial infrastructure. Although all

citizens of Quebec pay for the construction andnteaiance of these facilities, the benefits are
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not necessarily distributed evenly throughout thpybation. The major bridges examined in the
present research project provide a clear exampleost-benefit imbalances between different

population groups.

A possible method for establishing a more equitabfgonal transportation system is to make
municipalities pay for the infrastructure theirin#nsuse rather than just the infrastructure that
lies within their jurisdiction. In the Greater Moeal Area, for example, the regional transport
budget for major road infrastructure could be ficeoh using contributions from each
municipality, and these contributions would be mmional to the amount of the vehicle-
kilometres consumed by residents. At the same tihme,external costs generated by drivers
using major road infrastructure can be imputedadiqular territories based on the location of
driver households. The external cost burden catiedach municipality can be included in the
calculation of each municipality’s contribution. tinis way, citizens already paying the external
costs of road transport would be charged a redaoedunt for their own consumption. This
financing scheme constitutes an equalization mashawhich, in principle, would allow for the
realization of fiscal parity among the municip&githat make up the Greater Montreal Area. A
similar mechanism is already in place for the ficiag of major public transport infrastructure.
Although quantifying consumption and supply of raehsport at the municipal level represents
a methodological challenge, this research has dstrated that such a calculation is feasible.
Moreover, it is feasible through a partial repreagon of travel demand derived from a travel
survey that samples 4.5% of the region’s househafds a totally disaggregate approach to
traffic simulation. This approach is less intrusitt&n the continuous tracking of individual
vehicles using GPS and surveillance technology watld be required for obtaining exact

distributions of the costs and benefits of autorsotravel.

Clearly, major bridges and freeways are not thg oypes of public infrastructure which play a
role in the distribution of transportation costsl &renefits. High-speed high-capacity mass transit
networks have similar effects on the structurera¥el demand. While the equity effects of the
two systems analysed separately have been documnentde present study and elsewhere
(Chapleau, 1995; Chapleau & Morency, 2005), thepsugemand interaction between the

public transit and public road system is worth i@fitomment.
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The users of public transit derive direct bendfiten their use of the public transit system. But
they also confer a benefit on the users of a caaga®ad network by not consuming space on
the road. It is not immediately clear that this df@nis reciprocal. While automobile users pay
taxes dedicated to financing the public transitesys most of the subsidy goes to maintaining
services outside the principal corridors and tineeiquls of peak demand. The heavy transit

infrastructure is largely self-financing at timekem the road network is at its most congested.

The suggestion that the users of public transitdetevering an uncompensated benefit to auto
drivers presents an instructive example of thetaflé transportation problem. Many people,
sometimes by choice but sometimes by force of pistance, must endure the significant
hardships associated with public transit use. THeseships vary between localities, but in
Montreal they include walking and waiting outside fxtended periods in a harsh climate,
unscheduled delays due to equipment failures awdrigg threats, and extremely crowded

conditions in vehicles and stations. As a direstlteof this willing or imposed self-sacrifice, the

users of the road system, free and independeritein ¢limate-controlled vehicles, are able to

complete their journey considerably faster.
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CHAPTER 4 CONCLUSION

4.1 Summary of the work

This thesis has presented a methodology for thécapipn of the totally-disaggregate approach
to the simulation of road infrastructure and thaleation of equitable road transport. A sample
of the 2003 Montreal travel survey was isolated walidated. The sample consisted of 8,583
trips containing declarations describing the usa single major bridge during a typical morning
peak period. This sample of observed demand fomidyer bridges of Montreal was assigned to
a complete model road network comprising over 100,0nks and 70,000 nodes. A totally

disaggregate assignment of trips to the networleggad complete itineraries for each trip in the

survey subsample.

Two types of model were constructed: a validatimdel and a simulation model. The validation
model assigned each trip to the shortest time ipathrporating the declared bridge. This model
was used to compare observed and simulated traatédrps and to compute indicators of
consumption. The simulation models adopted a wardtapproaches to assign trips to the
network. Probabilistic and deterministic methodsaskignment were used. The probabilistic
models analysed driver bridge choice using an g@yaleith public transport whereby each
bridge is treated as a “line” with particular seeviattributes. The deterministic models used the
traffic simulation tools provided in the open-saICRANSIMS package. All the simulation
models were capable of reproducing around 75% idfybrdeclarations contained in the travel
survey. The itineraries generated by the validatroodel were used to compute indicators of
road transport consumption by households as wefidisators of road transport supply by each
geopolitical entity in the region. This exerciséustrated the existence of a cost-supply
imbalance that favours the off-island municipafiteg the expense of the city of Montreal. The
guantification of this imbalance at the level obsegions or municipalities was then compared
to a more conventional approach to the calculadioexternal road transport costs embodied by

recent studies on the monetary costs of traffiggestion in the Greater Montreal Area.
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4.2 Original contributions

This thesis makes several original contributionshi domain of large-scale traffic simulation
and to the body of work concerning equitable transgion and infrastructure financing. First,
this research describes a method for the totabpgliregate analysis of model errors using a
confusion matrix. This type of error analysis pesrhe identification biases in the model and
can reveal ways in which they can be correcteds THesis also contains a detailed discussion on
the indifference of drivers presented with almagtiiealent alternative options. Indifference is
one of the main causes of model prediction errasia distinguished from two other types of
prediction error: deviance and gross error. Thing thesis represents the first application of rea
(non-synthesized) totally disaggregate travel demdata in TRANSIMS, a state-of-the art

disaggregate travel behaviour simulation environmen

The analysis of equitable transport which is madesible by the totally disaggregate approach
to transportation planning is augmented through dhesssification of network links by
jurisdiction (municipal, provincial or federal). €hincorporation of jurisdiction into the model
revealed the important role of the provincial goweent, through its provision of high-speed
high-capacity road infrastructure, in the inequgatedistribution of transport costs and benefits
within a large urban region. Also, the same analysimed the basis for an innovative road
pricing system applicable to important infrastruetelements (exemplified by the major bridges
of Montreal) that accounts for the distributionefternal road transport costs among the users
and non-users of the road network. The proposedngrisystem constitutes an equalization
mechanism for achieving parity between the numejorsdictions coexisting within a single
urban area. The distributions of road transportscasd benefits among the population of the
Greater Montreal Area were initially estimated gsiam model that reproduces 100% of the
observed bridge choices. When a simulation modal teproduces 75% of observed bridge
choices is used instead, only a small impact oratiggegate measures of benefits and costs is
observed. This experiment demonstrates the appitgatif a predictive model to an assessment
of transport costs and benefits associated witkiBpeoad infrastructure elements at the sub-
regional level. Finally, this thesis has demonstighat an approximately equitable road pricing
mechanism can be established using surveys of alsawh the travelling population without
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having to resort to sophisticated methods for tiraglprivate vehicles as they move through the

road network.

The concept of geopolitical equity and its evaloratusing disaggregate assignment methods did
not originate in this thesis. This thesis has, heweprovided an in-depth examination of
infrastructure elements that clearly illustrate gieblems arising from the redistributive effects
of public transportation infrastructure. The maiwidges of Montreal constitute the primary
system for transport and exchange of people, vhiahd goods between different political
jurisdictions within the Greater Montreal Area. the municipal level, the quest for fiscal parity
between governments having equivalent responsdsilibften leads to disputes when superior
levels of government (the province or the federgtigse collective resources for the benefit of a
select few. These disputes complicate immenselynalhner of discussions concerning urban
sprawl, greenhouse gases, road tolls and the sabthty of transport systems. If the superior
level of government must intervene in the provisadriransportation within an urban region, it
must also provide an equalization mechanism judyedll parties to be fair and legitimate. It is
for this reason that a section of Chapter 3 is tea/do dissecting estimates of the “costs of
congestion”. The methods used to propagate theagesthat current road usage patterns in
Greater Montreal are inefficient have been, to daésed on arbitrary thresholds and simplifying
assumption disguised with complicated algebra. daiens that are made based upon these types
of analysis must be scrutinized and evaluated,cgsipeif equitable road transport is to become
an achievable goal. This thesis has provided alamalunt of the necessary scrutiny in addition
to representing, through its detailed study of mh&or bridges of Montreal, an incremental

advance toward the development of an equitablerandparent infrastructure financing regime.

4.3 Limitations of the research approach

The present research was limited by several fackorst, in order to demonstrate the feasibility
of the two disaggregate simulation methods reptesehy the multinomial logit model and

TRANSIMS, the sample of travel demand was restlittedata from the morning peak period of
the 2003 Montreal survey. The use of a sub-sample single travel survey means that the

sample size is relatively small (less than 9,000 ¢bservations) compared to the number of
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observations that could be obtained through théorusf the four travel surveys that have
collected bridge declarations. Although the smaslample size made the simulation process
faster and more manageable, additional facetsie¢rdbehaviour could be examined if multiple
surveys were combined and if travel over the 24rdqad an average day was included in the
analysis. A larger sample might also permit thelyams of periodic bridge closures, accidents

and weather events. Such studies constitute esbktpics for future research.

A second important limitation is the treatment ohgestion effects. Although attempts were
made to represent congestion effects using botlhabitistic and deterministic assignment
models, the representation was incomplete. Whiteessort of volume to capacity ratio can be
constructed for each of the fifteen bridges, nemfit was made to reproduce congestion
elsewhere in the network. This omission is not thua lack of analysis tools or methods but
rather to a glaring absence of important infornratio the Greater Montreal Area, most of the
existing knowledge of road congestion is anecddiakrage traffic speeds and volumes are
measured only punctually — at single locations atdparticular moments in time. Data
describing the real-time measurement of queuestret delay phenomena are practically non-
existent. Equally inconvenient from both the sigateand operational planning perspectives is
the absence of a searchable database of roadtin@iase components. Relevant information
that would ideally be found in such a databaseunhe| for each street segment, the number of
lanes, the posted speed limit, the parking regiime presence of a bus line, the control system
(signalling and signage), a measured capacity andeasured free-flow speed. All these

elements would permit the construction of an impbmodel of traffic congestion.

Third, the use of unexpanded survey records irtéhaulation of road transport consumption and
supply is a potential obstacle to the applicatibthe equalization scheme developed in Chapter
3. Although the demographic expansion factors pl@w plausible estimate of the magnitude of
numerous travel phenomena, they are difficult tphan a disaggregate traffic simulation (see

section 2.5.2.1).

4.4 Research Perspectives

The limitations just described suggest numerousctons for future work. First, with respect to
the representation of road transport supply, eBbduld be devoted to the detailed and realistic
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codification of the Montreal regional road netwothnk attributes such as functional class,
speed and capacity were determined for the 15 nimjdges in the present project but would
ideally be coded for freeways and urban streetsutiitout the metropolitan area. The estimation
of capacity and free-flow traffic speeds would kesdd on direct measurement and physical
characteristics of the built infrastructure suchtlae number of lanes and lane geometries.
Detailed information on the control system wouldoabe required. The measurement of traffic
flows and speeds over extended periods of timeudtipte locations is essential for acquiring an
improved understanding of road traffic phenomené w&ould require a proper instrumentation

of the superior road network (bridges, freeways amerial roads).

Secondly, with respect to the representation ofl rsansport demand, the estimates of road
consumption and supply should be recomputed useighted survey observations (expansion
factors). The challenge is to find a method of exisag survey records that yields vehicle
volumes closer to those observed on the road nktgiace realistic representations of vehicle
demand are necessary to properly model congestient® The expansion of trip records is
especially difficult in when performing microsimtilan since each individual vehicle and its
physical attributes must be represented. The imecatjpn of commercial vehicles is another

important component of this objective.

A third potential area of exploration involves thmbabilistic approach to facility choice. The
facility choice models developed in this thesisluded attributes of the facility and associated
path. Attributes of the driver were not found to dfignificant predictors of bridge choice but

additional experiments involving a larger sampléripls might be more fruitful.

The enlargement of the sample of observed bridgacel constitutes a fourth research
perspective. The question concerning the choidaridfe has been included in four consecutive
travel surveys conducted in 1993, 1998, 2003 ariB2The fusion of data from these four

surveys would facilitate the study of more detadesgpects of traveller behaviour. Obviously, the
sample size could be expanded further by examinotgonly the morning peak period but the

entire 24 hours of a typical weekday. Such an amalghould include an investigation of trip

chains and the role of the trip chain structurthanchoice of route and road facility.

In addition, the detailed analysis of itinerariesnubnstrated in section 2.5.2.5 should be

generalized for the entire sample of observed .trfpscomparison of the attributes of the
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simulated and validated itineraries would likelyoyide further insight into driver behaviour.
Such an analysis would be especially meaningfyeifformed using a validated model road
network and if additional information on the nonege portions of each itinerary was known.
An example of such information is the declaratioh$reeway use which have been included in
multiple travel surveys. While it appears that ttadidation of freeway declarations would be
considerably more complicated than the validatibbrage declarations because of the greater
complexity of the freeway network and the often gubus naming conventions applied to
freeways in the Greater Montreal Area, these issar@snot insurmountable and efforts should

be made to address them with the goal of improthedegitimacy of traffic assignment models.

Finally, the use of certain historical records amjeinction with the survey data would permit the
analysis of extreme events such as major road redesand adverse weather conditions. The
examination of these unpredictable occurrences dvmaueal how drivers respond to short-term

disruptions to the network equilibrium.

For many centuries, civil engineers have been resple for the construction of major public
works. It is only recently that civil engineers laveen asked to take some responsibility for the
impacts of these public works on the public itsélf.the moment, the prevailing cultural trend
seems focused on the costs of providing a univgraakcessible public road network. Traffic
congestion, pollution and energy consumption aen s&s threats to the collective well-being.
These concerns have, perhaps temporarily, oversietithe tremendous benefits of automobile
travel which has produced historically unprecedam¢eels of personal mobility and flexibility.
While the debate over whether the benefits excledcbsts continues, the engineer remains
preoccupied with the optimal functioning of the teys for which he is responsible. Economic
inequities and distortions are at the heart of oon#ion-related problems but they must be

clearly identified and understood before they camdsolved.
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