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Abstract

For urban mobility to be efficient, it requires a simultaneous interaction of
urban structure and transportation systems. Urban activities define urban
development. Traffic is a result of the interaction between the urban activity
system that generates he mobility demand, and the supply of transportation
networks.

Continuous population growth in cities, urban sprawl and time lag regarding

the balance of supply -demand may create excessive traffic congestion and,

thus, inefficiency. The international trend of recuperating public space for

citizens (tactical city planning) and the trigger of Covid19 pandemics put

x Ul UUU0UT wOOwUT T w?2UBTT U2 wUUxxO0awEOEWOEAOL
City.

This research focuses on how to adapt infrastructure and land uses to meet
the mobility needs in a city. We seek a balanced design among transportation
networks, population distribution, land use, and infrastructure. A
macroscopic approach identifies the infrastructure requirements to reach an
appropriate level of service for urban mobility.

A Continuous Approximation formulation for a concentric city includes the
key performance conditions of public and private transportation
infrastructure. The analytical models use variables defined as densities, and
solve the optimization problem minimizing the total costs. We apply the
four-step Urban Transportation Planning process as defined in the Chicago
Area Transportation Study: trip generation and attraction, spatial
distribution, modal split and traffic assignment using the inc remental
method.

We focus on the role of heterogeneously distributed demand, and design
effects on urban structure based on functionality, and we test several policies.
Multi -center cities can reduce the total costs between 2.6% and 11.6%, which
is relevant as a planning measure. Autonomous vehicles could have a neutral
effect on the reduction in travel costs. When we apply the models to Santiago
(Chile), the system optimization advises to increment the subway services
and lines.

The model provides robust approaches to elaborate spatial planning
instruments and policies, which is a promising contribution to City Planning
science.
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Resumen

La eficiencia de la movilidad urbana requiere una interaccién simultanea de
la estructura urbana y los sistemas de transporte. Las actividades urbanas
definen el desarrollo urbano. El trafico es el resultado de la interaccién entre
el sistema de actividad urbana que genera la demanda de movilidad y la
oferta de las redes de transporte.

El crecimiento continuo de la poblacion en las ciudades, la expansion urbana
y el desfase en el equilibrio entre la oferta y la demanda pueden crear una
congestidn excesiva del trafico y, por lo tanto, ineficiencia. La tendencia
internacional a recuperar el espacio publico para los ciudadanos (urbanismo
tactico) y el detonante de la pandemia de Covid19 tensiona la oferta y el

Esta investigacion se centra en como adaptar la infraestructura y los usos del
suelo para satisfacer las necesidads de movilidad en una ciudad. Buscamos
un disefio equilibrado entre redes de transporte, distribucion de la poblacién,
uso del suelo e infraestructura. Un enfoque macroscoépico identifica los
requisitos de infraestructura para alcanzar un nivel de servicio apropiado
para la movilidad urbana.

Una formulacién de Aproximaciones Continuas para una ciudad concéntrica
incluye las condiciones clave de desempefio de la infraestructura de
transporte publico y privado. Los modelos analiticos utilizan variables
definidas como densidades y resuelven el problema de optimizacion
minimizando los costes totales. Aplicamos el proceso de Planificacion del
Transporte Urbano de cuatro pasos clasico: generacion y atraccion de viajes,
distribucién espacial, reparto modal y asignacion de trafico utilizando el
método incremental.

Nos enfocamos en el papel de la demanda distribuida heterogéneamente y
los efectos del disefio en la estructura urbana basados en la funcionalidad, y
probamos varias politicas. Las ciudades multi-céntricas pueden reducir los
costes totales entre un 2,6% y un 11,6%, lo que es relevante como medida de
planificacion. Los vehiculos autonomos podrian tener un efecto neutral en la
reduccién de los costes de viaje. Cuando aplicamos los modelos a Santiago
(Chile), la optimizacion del sistema aconseja incrementar los servicios y
lineas de metro.
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El modelo proporciona enfoques solidos para elaborar instrumentos y
politicas de planificacion espacial, lo que es una contribucion prometedora
para la ciencia de la planificacion urbana.

Palabras clave: Movilidad urbana. Disefio de red. Transporte publico. Trafico.
Transporte privado. Aproximaciones continuas. Ciudad concéntrica. Subcentros
urbanos. Vehiculos autébnomos. Santiago, Chile

Francesc Robusté
Profesor de TransportehD
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Marcos MedinaTapia (2@1) Urban mobility network design

1 . Introduction and objectives

A city is a part of a territory that concentrates population and contains
commercial areas services, and even industries; acity is not a static system.
The inhabitants of a city need to travel from one point to another for many
purposes, including work, education, and others. Moreover , people need to
move goods between two points for the provision of services and to meet the
containing residential and non-residential elements heterogeneously
distributed over the territory.

The development of cities involves the interaction of urban elements in which
transportation plays an essential role. In this interaction, t ransportation needs
infrastructure , defined as location, design, materiality, and capacity, for its
operation.
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The interaction between transportation and infrastructure determines a
transportation system. According to Vuchic (2007) transportation systems
generate effects onE w E Bdina andl urban structure. The former considers
the size, geometric shape, and primary structural network . The latter includes
population densities and the distribution of land use. In this sense, the
operation of both urban mobility and transportation impacts the urban space
used by cars, transit, logistics vehicles, and other modes (motorized, non-
motorized, and active mobility).

Historical, political, social, and geographical conditions define the physical
characteristics of a city. The physical layout of a city may come from
planning, natural development over a long period of time, or a mixed process
of both. For adequate functional planning of a city , planners should consider
both the transportation system operation and infrastructure to enhance
x1 Ox Ol z UanOfeigm OD U a

The abovecomponents| urban form and structure | are critical elements for
the impact analysis of transportation and urban mobility on an urban system
and vice versa.

In the next point, t his chapter exposesthe problem statement and justification
of the researchbased on these components After this , the objectives of this
dissertation will be presented.Finally, th e chapter provides a road map of the
document in its entirety .

1.1. Transportation and i ts effects on a city

In an integrated urbanism -mobility approach, one of the classical key
references is given by Colin Buchananin his book Traffic in Towns (1963)
whose assertionsare still relevant.

According to Buchanan (1963) the increase incars is

? 0an extraordnary problem because nothing less is involved than a threat
to the whole familiar physical form of tovn® (p. 7)

of theinhabitantsE OE wUT 1T wil | | PEPI OEa@®) wOEOa woOi wUT 1 wE
2311 WEOOI OPEUWET UPT 1 OwUOP e phisddf WOUET | DPEwWOE
structure of towns this soon became apparent after the invention of the
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motor vehicle because it soon exerted a strong influence towards changing
OT 1T wi OUOWE.RWMUOPOUSL~> w

Moreover, this problem will not disappear because

20 the future of the motor vehicle, or of some equivalent machine, is
assurecd (p. 25)

? othe population appears as intent upon owning cars as the manufacturers

Buchanan poses a balance between the organization of a city and the
transportation mode used by its inhabitants. Thus, this situation implies :

? 0a problem of designf the actual layout and form of buildings and access
way, and the manner of distribution of traffrom one part of a town to
another. It is a basic problem, as relevant to a small isolated dowas to

Ol PwUIT U001 61 OUUWEOUOEWPI OOWUEOI wodOdw
U U i(p&30)6 -

?0
Ua

The author wrote the above almost six decades agq but theseassertions and
their consequencesremain valid. It may cause effects on an urban system,
deteriorating both mobility and urban development. This consequence may
equivalently impact a public transport ation system.

Within this research framework, the problem statement and its discussion
focus on three aspects transportation problems, consequences on urban
systems, and management strategies and planning instruments to improve
transportation. These factas justify the current dissertation, and thereby the
research thesis.

1.1.1. Transportation problems

Traffic congestion and transit

Congestion is a condition reached when a new vehicle enters into the traffic
flow, increasing the travel time for other vehicles (Bull & Thomson, 2002).
Congestion costs can increase mee rapidly than traffic growth.
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Congestion, delays in trips, and other similar causes may frustrate

commuters. However, two situations may partially cause those frustrations

the increase in the number of vehiclesand the design, structure, and capacity
offered by cities. The congestion may affed the main characteristic offered by

cars:. the ability to provide a door -to-door service. It may deteriorate the work

performance of those who use a car, even more for people who use it as a
work tool. This externality can even affect the economic efficiency of a
country.

Regarding the increase intraffic, the number of private vehicles depends on
the increase in salaries, but this increasealso depends on other factors, for
example, the price of cars, insurance, parking, garage availability , level of
frustration due to traffic, other cheaper modes of transportation, and changes
in travel habits or patterns. Regarding freight vehicles, the increase in
vehicles will depend on the utility of this transportation mode for companies.

The excessive growth of cars generates adecline in the transit of the spiral

type. This process is known asthe ¥ PEDOUUWEDUE O] woOi wxUEOPEwWUU
(see, for example, Ortazar & Willumsen, 2011).

Increase income

Increase car

ownership
.

Y

{ ' 4 N
Car becomes even Reduced bus Reduced demand More congestion
more attractive frequency for buses and delay
L. v | 7

Less commercial

speed
—

A 4
Increase fares

Increase bus rLess total mileage‘
operating costs per bus and day
%Dl bdbl WEHEOCBUEPODBEOOQUUWEDPUEOI &
SourceAdapted fromOrtdzar and Willumsen(2011)

According to the vicious circle (Figure 1.1), economic growth encourages
people to buy more cars. Therefore, new car owners will leave the transit
system and use their cars. Transit operators will increase fares, reduce

4
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frequencies (level of service), or both. The transit is thereby less attractive
than before. After a few years, the city will face increasing congestion, delays
in transit ve hicles, a rise in operating costs, and new fares for transit users.
Finally, the traffic system will be more attractive, and other peop le will prefer
buying new cars.

This consequenceis only possible to reverse with the implementation of
measures (management or planning) to encourage the use of transit and, in
parallel, discourage the use of cars Moreover, cities must accommodate
traffic and transit, minimizing system cost without deteriorating the

environment.

Quality and | evel of service

In adecision-making processof transit services, apotential user will consider
at least one or a combination of the following attributes of a public
transportation system: reliability, waiting time, security concerning walking,
waiting, and riding, trip comfortability, trip cost, number of transfers, and
travel time considering all stages of a trip.

The design of transit networks should consider the above operating factors.
It is worth mentioning that decisions in the urban planning process usually
do not consider those factors. Some factors aramore accessibleto incorporate
into urban planning than others. This dissertation includes most of those
factors but does not consider specific operating variables, i.e., securty and
comfortability.

The ? @ality of service reflects the passengers perception of transit
x1 Ul OUGEQHEM, TRRB, 2013)Two factors classify the quality of transit
services: transit availability and transit comfort and convenience. The former
determines whether a transit system is afeasible option for a trip ; the latter
measures passengerg comfort and convenience for a transit system. Transit
comfort and convenience only have relevance if a transit service is available.
Thus, public transportation will only be an option for a trip, as long as the
transit satisfies the following four factors of availabili ty:

- Spatial availability A passengercan access transit service, i.e.,the service is
available near the origin and destination,

- Temporal availability A passenger has an available service when he/she
begins his/her trip , including the return trip,

- Capacity availability A passenger has sufficient space at a stop/station, on a
vehicle, and in facilities of a transit system, and
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- Information availability A passenger can obtain data about how to use a
transit system.

This dissertation studies the design of transit networks , considering the first
three factors assumng a passengerhas information availability of a transit
system. This research will incorporate these factors through decision
variables or constraints of the problem.

In traffic (HCM, TRB, 2010) there aretwo criteria for characterizing traffic
flow conditions : quality and level of service. The former requires quantitative
measures in which d emand is one of the leading indicators to measure
traffic: vehicles arriving, traffic flow , discharging, and others. On the
contrary, the level of service of a road (LOS) is a qualitative measure that
describesthe operational conditions. Six states define a level of service, i.e.,
speed, travel time, traffic interruptions, freedom to maneuver, comfort, and
convenience. Letters A to F characterize the level of traffic, i.e., LOS A
represents the bestoperating conditions, and LOS F represents the worst
conditions (TRB, 2010) Thus, urban planning must incorporate some traffic

conditions to transit systems, particularly the components that affect road
network design, i.e., average flows, capacity, structure skape, spatial location,
and others.

1.1.2. Consequences on uban systems

Cities have been spreading outfor decades. In transportation, several reasons
support this assertion, e.g., cars provide freedom of movement in a city. A
road network is a connex graph| there is at least one path between two
points| in which a rational driver will choose the shortest path (minimum
travel time in a congested systen). That freedom and the increase of speed
have extended driving time during their journeys, e.g.,longer commuting.
The extensive use of automobiles affects the urban form, causing urban
sprawl (urban dispersiof, among other consequences Figure 1.2 shows the
vicious circle of consequences that generate congestion in a city.

Congestion generates impacts on the environment and, at the same time the
pressure to increase road capacity. Thus, cities invest in infrastructure to

reduce travel times, e.g., the construction of freeways. The new capacity often
generates a reduction of friction to mobility, and new users change their

modal choice to private transportation.
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Impacts on the Pressures to
environment increase capacity

Growth in length
& number of trips

Increasing in
road capacity

Lower friction to
mohility

Urban sprawl
promoted
Induced
demand

Source: Adapted from Rodrigue et(2017)

This new scenario and other components promote urban sprawl in cities. One
component is parking. Due to the scarcity of urban land, parking in central
areas is more expensive than in the periphery. This factor only thereby
justifies that cities have spread out in the last decades.

The answer is neither clear nor unequivocal between concentrated urban
areas (high density) and scattered (low density). The dispersion can quickly
become sprawl whether automobile s are the center of mobility in a city. New
urbaniz ations| new cities or extensions of existing areag must adopt new
forms based ontransit services The infrastructure could adapt it, or it could
maintain a balance between both components.

The growth of population, the number of cars, and the urban sprawl cause
congestion. This consequencehas limited the benefits of investments made
for the reduction of travel times.

1.1.3. Management and planning

The solution depends on the type of problem, the budget, and the period of
implementation : short-term and long-term planning .
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TSM/TDM

Some strategiesallow solving conflicts between transportation and urban
problems, i.e., TSM/TDM strategies.

- Transpotation systemsmanagemen{TSM): Strategies of relatively low cost
developed during the s A YotJimproving a transportation system. TSM
actions can influence supply and demand for encouraging the efficiency,
safety, capacity, or LOS of a transportation system without increasing the
infrastructure size or other expensive large-scale actions (Schoon, 1996)
Some strategies aim for traffic signal improvements, intersection
improvements, intelligent transportation systems, and others.

- Transporation demand management(TDM): Strategies that increase the
productivity and efficiency of a transportati on system, modifying demand
behavior (Ferguson, 2018) TDM strategies encourage the increment of car
occupancy, modal change totransit, and reducing congestion, e.g.,moving
car trips outside of rush hour, carpooling, non-motorized travel, parking
management, financial incentives, and others.

Both types of strategies have implement ations in the short or medium term.
In both previous cases,the objective of these strategies is to optimize the use
of existing infrastructure, these even require certain minimum infrastructure
conditions, sothere will be positive effects on transportation.

Spatial planning instruments

The development of spatial planning instruments (SPI) materializes urban
planning in cities. These instruments are norms,plans, or even strategies that
encourage positive transformation actions on a territory . The actions work
over public and private entities, and these have a medium-to-long-term goal.
The Chilean regulations identify three types of instruments: normative,
indicative , and exceptional protection zones, e.g.,urban development plan,
urban regulatory plan, the master plan of transportation, and others (Precht,
Reyes, & Salamanca, 2016)

In urban planning , UN countries agreed on the ?New Urban Agenda ? (NUA)
at the Habitat Ill conference (2016) NUA will serve as a guide for
urbanization from 2016 to 2036. Therefore, UN countries committed to

206 promoting the development of urban spatial frameworks, including
urban planning and designinstruments that support sustainable
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management and use of natural resources and land, appropriate
compactness and density, polycentrismd mixed use&s ? (Chapter 51)

?0 adopting a smartity approach that makes use of opportunitiesnfr
digitalization, clean energyand technologies, as well as innovative
transport technologiés? (Chapter 66)

?0 promoteintegrated urban and territorial planniniy based orseveral
principles of equitable, efficient and sustainable use of land and natural
resources, compactness, polycentrism, gpjate density and connectivity,

and multiple uses of space, as well as mixed social and economic uses in
built-up areas, in ordeo prevent urban sprawl, reduce mobility challenges
and needs and service deliveost® ? (Chapter 98)

The present dissertation takes into account these principles of urban planning
for the development of modeling of transportation systems.

1.2. lstification of the research

A standard question emerges fr old or new cities, for concentrated or
dispersed cities, or any other type of city:

How is it possible to adapt the infrastructure and all land
useq residential and non-residential| to meet the needs
of people who want to travel for any purpose and mode?

The answer to this question promotes a balanced network design between
the distribution of population and land uses and its infrastructure.

In the salient book called Urban NetworksNetwork Urbanism(2008) Gabriel
Dupuy criticizes the role of traditional urbanism in current cities. The author
promotes an integral city -mobility approach . This new interdisciplinary
approach focusesits theory on articulating urban spacethrough the concept
of network, i.e., networks generate their spatial organization, and these
continually evolve.

This new approach has a direct connection between urbanism and network
operability. The transportation system and the urban system must have a
connected operation because both depend on the other Thus, a planner
should take a similar role as a network operator to solve an urban problem
correctly. Therefore, traffic and transit are an essential part of an urban
planning problem.
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The above means hat spatial components in transport ation components are
essential and urban planning requires planning instruments for its
implementation over a region. The planning instruments can be normative,
indicative , or investment portfolios. The elaboration of these instruments
needs studies to define the quantity and type of infrastructure for a town.
Sincetheseplans are long-term, the design of the infrastructure network is a
crucial factor. Hence, these newmethodologies contribute to engineering and
urban planning.

Urban planning must consider that a city needs to meet a minimum of
physical conditions to be satisfied in order to maintain an adequate level of
urban mobility and transportation by considering heterogeneous demand.
Conditions include, e.g. urban size, location, and size ofthe central business
district (CBD), the proportion of public space destined for transportation
relative to the built space, the spatial distribution of land uses, and
population density, among others. If a city does not meet these minimum
physical conditions, the transportation supply must adapt to the demand or
vice versa.Thus, TSM and TDM strategies could guarantee an adequate level
of urban mobility. However, all TSM and TDM management strategies also
require minimal i nfrastructure conditions for their success.

Policies and strategies may befavorable and improve urban mobility as long

as the network design and infrastructure supply enable it. In this way, in the

design and infrastructure supply, the decision variables of a transportation

problem can simultaneously restrict a transportation systemz Uw E Eob OB U &
achieve efficiency in urban mobility.

1.3. Thesis objectives

Spatial planning instruments require several studies to determine the
infra structure needs considering the demand of a city. This researchaims to
develop a macroscopic method to identify the infrastructure needs that

sustain an adequate level of service for urban mobility and transportation .
The proposed methodology based its formulation on analytical models to
deduce the critical components of a network structure. These key
components must ensure the critical conditions of the private and public

transport ation infrastructure.

Therefore, the dissertation focusesits investigation on urban design based on
functionality, the role of demand, and the effects of design on the urban

10
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structure. In this case, the demand spatially varies over a city in volume,
extension, and spatial heterogeneity. In the framework of a non-
homogeneous demand pattern, the networks should adapt to different
scenarios of distribution of demand. Thus, these network-adapted
configurations have to be in balance with the agencyz costs.

The research has four specific goals based on the main objective. Therefore,
the investigation also requires:

- Develop an analytical model that replicat esthe system operation for public
and private urban transportation in a radio-centric city with radial and
circular routes/roads. The model must identify the optimal configuration of
infrastructure in a city by considering a non-homogeneous demand pattern
and balancing users and agency costs This model allows identif ying the
critical variables of a transportation system for efficient mobility.

- Determine optimal characteristics for an adequate design of urban
networks considering the urban form and structure. The methodology
focuses on a concentric city considering the functionality in designing a
primary transportation network regarding urban form . The analysis focuses
on urban density, transportation systems, a central business district, and
subcenters regarding urban structure.

- Apply the methodology to two policies considering different levels of
analysis. The analysis focuses on gbcenter analysis and the implementation
of autonomous vehicles. Mainly , the selected policies respond totwo types
of transportation: traffic and transit . Moreover, the policies have effects on
transportation, urban planning, and the interaction of both.

- Evaluate the theoretical analysis proposed in the previous points and apply
it to a radio -centric city such as Santiagq Chile.

1.4. Dissertation outline

The thesis document continues with five chapters: state of the art, modeling,
analysis of infrastructure and urban mobility, applications, and conclu sions.
Finally, the document ends with a list of references and appendices.

The next chapter presents state of the art, which contains a revision of
previous investigations about four topics: urban form, urban structure, the
design of transportation networ ks, and a method of modeling. Finally, the
chapter ends with a summary of the analyzed contents.

The third chapter includes the modeling of urban mobility and network
design. This chapter has five parts: demand modeling, development of the

11
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modeling of a tr ansit and traffic system, methodologies for the discretization
of solutions, and finally, the global summary of this chapter.

In the fourth chapter, the research applies theoretical models in standard
cases in order to analyze the infrastructure and urban mobility and the
physical conditions for adequate mobility.

The chapter of application in some policies presents the results obtained from
theoretical models applied in two policies: implementation or urban
subcenters and analysis of autonomousvehicles effects.

The sixth chapter presents the application to a real case for Santiago (Chile).

Finally, the research document presents conclusions and future research on
this subject.

12
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2 . State of the Art

In the literature, scholars have a widespread agreement on the mutual
influence between land use and mobility. Acheampong and Silva (2015)
thereby identified several studies in which urban structural variables
statistically influence mobility behavior.

Regarding this point, Vukan Vuchic (2007)acknowledges that transportation
systemshave affected urban systems.

PA review of historic developments will show how |laligtance
transportation had a mej role in determining the locations of cities; how
their size has been influenced by both {disiance as well as local,
intraurban travel and transportation systems; and how the lattes ha
affected the urban form (shape of urban area and its basiparéatfon
network) and urban structure (distribution of langses and population
densitiese wd)x 0 w

13
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Similarly, Rodrigue et al. (2017) also identify both components (Figure 2.1).
The spatial imprint of a transportation systemand its physical infrastructures
define an urban form. The connections between the urban form and their
interactions among people, freight, and information define a n urban spatial
structure. From this, scholars may evaluate how a specific urban structure
can change or adaptto a specific transportation system and vice versa.

Transportation
systems

Spatial imprint Spatial interaction

Urban form Urban spatial structure

N~

%DT Wddl ( O OUITWED WoOO WA BHUD OQwOOwWIUBEOWEOOXx O

SourceAdapted fromRodrigueet al.(2017)

It is worth mention ing that an urban transportation system has four primary
sub-systems: transit, traffic, logistics systems, and personal mobility . The
latter has had remarkable growth during the last decade. The present
dissertation only models the two first transportation sub -systems.

The previous definitions structure the present chapter. It has five parts:
analysis of urban form (2.1) and urban spatial structure (2.2), the design of
transportation networks (2.3), a description of modeling methods (2.4), and,
finally, the summary of this chapter ( 2.5).

2.1. Urban form: shape and transportation network s

According to Vuchic (2007) and Rodrigue et al. (2017) two components
define an urban form : the urban shape andessentialtransportation network s.

14
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2.1.1. Urban shape

The first cities did not have any planning or, in some cases, a few rules
defined a minimal layout in ancient cities, which had an orientation to
walking mainly . Therefore, cities were compactwith activities agglomerated
in mixed uses. Many modern cities inherited this morphology in which
walking and cycling join a high percentage of the modal partition, e.g.,
European cities and Eastern Asian cities. Audralian, Canadian, and
American cities have encouraged the use of private transportation. On the
other hand, Latin American cities were their origins defining a grid center,
but those grew expansively without strengthened planning (Rodrigue et al.,
2017)

Transportation and its evolution have generated changes in the shape of
cities. Technological changes in public and private tran sportation have
allowed users to move away from historic al city centers. In terms of
infrastructure, agenciesbegan to build radial and ring /circular roads, which
promoted the development of suburbs. Simultaneously, new clusters that
group activities define d a polycentric structure ; thus, commuters did not only
travel to the CBD. Also, distribution centers appeared in the suburbs to
generate new connectionsfor a city, aregion, and the world (Rodrigue et al.,
2017)

Transportation modes in a city simultaneously define the urban and network
shape. Snellen et al (2002) identified six basic shapesbasing on previous
investigations (Figure 2.2).

® X -

(a) Circular/c oncentric city (b) Lobe city (c) Linear polynuclear city

(d) Concentric polynuclear city (e) Linear city () Grid city

%Db1 Wadbl , OUxT 0001 PEIEDaIVW E E O w
Source: Snellen et.gP002)
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A circular or concentric city ( Figure 2.2(a)) may grow from a small historical

centerto outer along radial roads, which connect the city to other cities. When
acity grows, new dwellings and activities use the space between those radial
roads. Often, these cities combine radial, ring roads, and ewen grid networks
in the city center. Many cities have a radio-centric structure, e.g., Moscow,
Milan, Canberra, Chengdu, and Santiago of Chile (Medina-Tapia & Robusté,
2019b) Otherwise, some cities have similar forms, e.g., semicircular cities
have a center very close to the coastal edge.

A lobe city (Figure 2.2(b)) may have a similar origin to the previous case, but
some areas between radial roadsdo not have any building s (e.g., Eindhoven).
A linear polynuclear city or concentric polyn uclear city (Figure 2.2(c) and (d))
comes from small settlements in a natural or planned way (e.g., Almere). A
linear city may be an extreme version of a grid city (Figure 2.2(e)). A grid city
(Figure 2.2(f)) may have a square or rectangular shape (e.g., Haarlem). These
cities have their origin in planning , promoting a high mobility role (Snellen
et al., 2002)

In the literature, many academic publications analy ze the optimum size of
cities and CBDs. It is worth mentioning the works of Mills and de Ferranti
(1971) Solow and Vickrey (1971) Solow (1973) and Sheshinski(1973)

2.1.2. Basic transportation network s

Nodes and linkages functionally articulate a network. Nodes represent
physical elements (e.g., intersections, stations,airports) or setsof economic
activities (e.g., residential neighborhoods, financial centers, commercial
zones) depending on the hierarchy and the scale of analysis (macro, meso, or
microscopic). A link can represent from streets to railways depending on
modes, hierarchy, and the analysis scalein which linkages contain the flow
between two nodes (Rodrigue et al., 2017)

For road networks, Snellen et al.(2002)defined five basic types (Figure 2.3(a)-
(e)). The former is the central element of a linear or grid city. The radial
network allows direct access to the city center, although this network type
also has congestion problems.The ring network may concentrate traffic to
reduce it on nearby roads, i.e., many city centers have a ring road around it.
Roman cities implemented grid stre et patterns from the first centuries. This
pattern may optimize the accessibility of a city. The standard and shifted
grids provide many route options to disperse traffic on many streets,
although it presents many intersections in a road system.
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(a) Linear network (b) Radial network (c) Ring

e - e
() Curvilinear (g) Cul-de-sac pattern
network

SourceAdapted fronSnellen et al(2002)and Rodrigueet al.(2017)

Later, Marshall et al. (2010)proposed three types of street networks (Figure
2.3(d), (), and (g)): grid, curvilinear, and cul -de-sac street pattern. Private
transportation promoted trips in cars. Therefore, some cities changed their
network from a grid to a curvilinear pattern. Curvilinear pattern s reduce
connectivity and population density. Cul -de-sac pattern aisles aset of
connectedstreets, in which some of thosehave a connection to the main road.
This pattern is typical in a peripheral zone for reducing non-local travels, but
it increases the number of trips and car consumption.

On the other hand, public transport ation networks mix infrastructure and
operation. Thompson (1977)compared four types of transit networks: radial,
ubiquitous, grid , and timed transfer. In the first, a route connects each origin-
destination zone to the city center. In the second, there is a direct route
between eachorigin -destination pair, and ® U uhb highé&st degree of a direct trip
based system(Badia, 2016, p. 7) In the third, a route connects each origin
destination pair. Finally, a timed transfer system connects the origin-
destination pair through several transfer p oints. The two last represent
transfer-based schenes. Recently, Badia (2016) reviewed outstanding
bibliographical references on public transport ation networks identifying
seven transit network shapes: linear, parallel lines, hub-and-spoke, radial,
ring -radial, grid, and hybrid.

Therefore, for this dissertation, elementary public transportation networks
present three main categories: linear, radial, and grids .
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First, a linear network is the most basic network and has three sub-classes:
corridor -route, route-and-feeder, and parallel-line schemes (Table 2.1). In the
former sub-class, authors determine the optimal stop spacing on a transit
corridor (e.g., Saka, 2001 Medina et al. (2013)simultaneously determine the
stop density (spacing) and frequency on a corridor. In the second sub-class,
other authors simultaneously optimize a route and its feeder routes. For
example, Wirasinghe (1980) optimize s a rail route and a feeder system on a
rectangular grid. Kuah and Perl (1988)optimize feeder bus routes and bus-
stop spacing on a corridor. In the latter class papers model parallel lines of a
transit system. Byrne (1976) models a transit system in a rectangular city
where the commercial speed is not the same for all the lines. Thus, users do
not choose the closest route if that route is slower than other routes.

SEE@w / Ex1 UUwWEEQIEHEWO®EO U U
Corridor route Route and feeder Parallel lines
Saka(2001) Wirasinghe (1980) Byrne (1976)

Medina-Tapia et al. (2013) | Kuah and Perl (1988)

SourceBased on Badi2016)

Second,a circular-radial street pattern hasworks grouped in three categories:
radial, ring -radial, and hybrid radial networks (Table 2.2).

SEEI@Bbw / ExI UUWEEUI EufOBMIBE EDEOwWOI UP

Radial Ring -radial Hybrid radial
Byrne (1975) Chen et al.(2015) Vaughan (1986) Badia et al. (2014)
Tirachini et al. Nourbakhsh
(2010) (2014)

SourceBased on Badi2016)

Radial networks are a type of direct trip -based structure (Byrne, 1975;
Tirachini et al., 2010) In this way, Byrne (1975)optimized the combination
between route location and headway on a radial transit system. Tirachini et
al. (2010) compared transit technologies (bus, tramway, and metro)
considering a ED U E U O E U w Echdina and ORDEFASEs&vEral stenarios,
the results show that bus rapid transit (BRT) is the best alternative.
Considering ring -radial networks , Chen et al. (2015) proposed two models;

one of them considers a ring-radial structure with a city center that has
double coverage, but the periphery only has radial routes. In this system,
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users can travel on radial services without any transfers (direct trip -based
system). On the other hand, some authors analyze transfer-based systems.
Vaughan (1986)design a ring-radial network considering a many -to-many
demand through a continuous function for representing the commuting trip
demand. More recently, Nourbakhsh (2014)proposed several procedures for
designing transit networks taking into account low and het erogeneous
spatial demand.

Some hybrid networks consider a radial structure. Badia et al. (2014)analyze
a schemein which a radial/circular system operates in a central areg and a
hub-and-spoke system serves to the periphery (transfer-based system).

SEE@Bw / Ex]I UUWEEUI EwOOwi UDEwWOI UPOUO

Radial Grid Hybrid grid
Badia et al. (2016) | Holroyd (1967) Chen et al. (2015) Daganzo (2010)
Aldaihani et al. Badia et al. (2016) | Badia et al.(2016)
(2004)

SourceBased on Badi2016)

Third, grid networks have three types of transit schemes radial, grid, and
hybrid structure s. Some of them are direct trip -based or transfer-based
systems(Table 2.3).

Daganzo (2010) proposed a model that combines a grid and the hub-and-
spoke structure (hybrid grid) on a square region with a homogeneous
demand. The objective function has two components: agency and user costs.
It has three decision variables: @ntral grid size, stop or route spacing, and
headway. After modeling, user costs dominate over operational costs The
results point that if the infrastructure is expensive, a hub-and-spoke structure
is more attractive considering bus-stop spacing; thus, the distance between
routes must keep a critical threshold. Moreover, BRT is an adequate system
in cities with medium to high density .

Recently, Badia et al.(2016)analyze four types of grid structure: radial, direct

trip-based, transferbased, and hybrid structure s. The results show that a
radial network is more suitable in concentrated cities, the direct trip -based
system is more attractive in cities with intermediate degrees of dispersion,
and a transfer-based structure is the best option if activities are decentralized.
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Also, other authors analyze grid networks. Aldaihani et al. (2004)proposed
a model to design a hierarchical transit system, which combines fixed routes
and on-demand services on a grid network.

2.2.  Urban spatial structure: land-use and population densities

Urban areas contain the majority of social and economic activities. If trips to
those activities are obligatory , the number of trips will be predictable. Other
trips are not mandatory, in which the production depends on regular
personal activities or special needs. Moreover, production activities related
to manufacturing a nd distribution (i.e., freight transportation ) also produce
many city travels. Therefore, transportation and land use have an
interrelation due to the type, location, and interaction of urban activities.

The use of urban land is highly heterogeneous, and a transportation system
partially configures this heterogeneity. Central areas of a city have high levels
of spatial clustering s, such as retail, while peripheral areas have lower levels
of clustering corresponding to residential and storage zones.

2.2.1. Land-use concentration and urban densities

Transportation and land us e have a reciprocal relation, and their imbalances
generate mutual effects as well. Therefore, the effects of this imperfect
distribution of land use on a territory will affect the efficiency of
transportation systems in an urban system.

Concentration of activities

Four categoriesof urban spatial structure s define the distribution of activities
in a city, depending on centralization and clustering (Rodrigue et al., 2017)

- Centralization It is a spatial configuration of activities regarding an entire
urban area. A centralized city has many of its activities in the city center,
while a decentralized city does not.

- Clustering It is a spatial configuration regarding a specific part of an urban
area.Around a specific point concentrates a group of activities (cluster), e.g.,
a smaller town that the expansion of a metropolis absorbed.
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Figure 2.4 represents the classification of urban structures, considering the
level of centralization and clustering . Case A is a centralized and grouped
scheme that concentrates activities close to eaclother in a city's central area
Case C is arelevant scenarioin which territories have decentralized activities
but maintaining a high level of grouping ( a multicentric or polycentric city).

Dispersion of cities

Many cities currently suffer a dispersed gr owth called urban sprawl. In some
cases, the consequences are fast and uncontrolled. Cities are thus growing
horizontally | expansive growth| in which the increase of cars plays a
decisive role in this process. On the other hand, the decentralization of
activities occurs beause travel time remains stable, even iftravel distance
increases by car or transit due to new technological development in
transportation.

From these concepts, three types of urban development are therefore
identified regarding c oncentrated cities or disperse cities: compact city,
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polycentric development, and dispersed development (Wegener & Frst,
2004)

- Compactity: This type of city involves the inten sive use of land, which has
a monocentric urban structure and minimizes the expansion of urbanized
areas thereby protecting the environment and rural areas.

- PolycentricdevelopmentThis urban strategy implies a development with a
high density around employment and business centess in the suburbs. The
?decentralized concentration? is because large compact cities are not
efficient due to high-energy consumption, high congestion levels, and a
critical accumulation of environmental pollution in the city.

- Urban sprawl Many people prefer to live in single -family homes and do not
like mobility restrictions. Considering this, people inhabit houses beyond
the outer edge of a city, and the city grows scattered. This type of urban
development can be planned or spontaneous, but the latter is a common
consequence of unsatisfactory urban planning.

The above isa classification of cities, but also those ae strategies or policies
defined in an urban plan. Regarding the dispersion of cities, many factors
generate the development of suburbs: low cost of land, availability of large
areas to urbanize, the environment, safety, and the benefits of cas and
services oriented to cars €.9., strip centers and mallg). With the expansion of
urban areas, the agencies build ring roads around major cities. Moreover,
many cities develop multi -centers creating peri-urban areas outside of the
urban nucleus and even suburbs.

Portugal et al. (1996) based on Smeed (1968) stresses that a continuous
extension of the infrastructure supply is irra tional in a congested network.
Moreover, the authors emphasize that road space should consider the land
as a scarce resource, in whicha city must orient the public space to public
transportation, gradually restricting private transportation and promoting
intermodality through a park -and-ride strategy.

Urban density

Population density is one of the factors that define the urban structure of a
city, existing an indirect connection with the building height. Unfortunately,

few works have addressed the analysis of population density and height of
building s, and some have an engineering approach. Solow (1972)developed
an equilibrium model between residential density and the income for a
monocentric city considering transport ation costs. Brueckner et al. (2015)
analyze the effect of height restrictions on the value of land -use.
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2.2.2. Transporta tion and land -use interaction

The relation between transportation and land -use has many theoretical
approaches location and distance influence the organization of spatial
elements and their activities. Rodrigue et al. (2017) present a preliminary
classification of models considering transportation, population, and land
uses.

- Early models This category includes dassic models, e.g., Von Thunenz U w

model of land use proposed in the 1%th century. The model hasits basis on
a central place andits concentric impacts on land use of the surrounding

land. Subsequently, Weber proposed anindustrial location model at the

beginning of the 20th century. His model minimizes total transportation

costs to access raw materials and transfer production to the market.

- Concentric urban land useBurgess proposed one of the first models of this
type in 1925. This model was an adaptation of Von Thunenz bhodel. The
objective was to model social classes, but the model also consideredboth
transportation and mobility. One of the conclusions was regarding the cost
of daily trips. Ifimprovements reduce travel costs, then more peoplecan live
further away , promoting urban expansion.

- Polycentric and zonal land use3ector and multiple nuclei of land-use models
allow analyzing this type of urban form , e.g.,the influence of transportation
corridors (Hoyt, 1939) and multiple nuclei under urban grow th (Harris and
Ullman, 1945).

- Hybrid land uses These models include concentric, sectorial] and nuclei
behavior to explain the use of urban land, e.g., Isard (1955) analyzes the
concentric effect of CBDs and subcenters and the radial effect of roads.

- Land use markefThese models seek to explainland use as a market in which
activities compete for land use in a location. Transportation and accessibility
are explanatory factors of land rent.

Spatial equili brium models have abundant literature , as Wegener and Fiirst
(2004) notes in their paper of state of the art about land-use and
transportation interaction (LUTI) . After that, Acheampong and Silva (2015)
provide an overview of some 60 years of research in thefield of LUTI
modeling. The authors emphasize that this type of modeling has challenges
for its improvement. New technologies| e.g., GIS, microsimulation, and
others| have enhanced this research field, although models must
understand the uncertainty propagation over time. Investigations should
deepen the models of demand for trips based on activities and practical
models. It is relevant for integrating the environment and the forecast of
urban policies on climate change and energy shortages. Finally,
methodologies need to measure accessibility.
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For example, Wong (1998) developed a user-balancing model with traffic
allocation for dense transportation networks and variable demand. Van
Zuylen and Taale (2004)solved the traffic assignment problem for ring roads
through game theory with tw o levels and three players with complete
information. The authors also analyze different scenarios such as non
cooperation, cooperation between authorities, and optimization of the
system, minimizing a function of the total cost with the cooperation among
social actors.

2.3. Design of transportation networks

Dupuy (2008) points out that the analysis of the city -mobility approach
should consider three dimensions:

- Topological dimensionThis dimension encourages urban opening and
decentralization, e.g., a ubiquitous network ensures the maximum
connection in a city independent of location, barriers, or limits.

- Kinetic dimensionThis considers the speed of movements in a network.

- Adaptive dimensionThe ability to adapt networks to needs demanded. This
dimension ensures the permanence and long duration of the infrastructures.
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SourceBased on Farahani et §2013)
The planning process is fundamental for the appropriate functioning of a

transportation system. One of the first early stages of planning is the strategic
design for any transportation structure. The urban transportation network
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design problem (UTNDP) solves an entire hierarchy of decision-making
processes in transportation planning ( Figure 2.5) in which the decisions may
be strategic, tactical and operational (Magnanti & Wong, 1984). UTNDP
includes two sub-problems: the road network design proble m (RNDP) and
the transit network design problem (TNDP) (Farahani et al., 2013)

In the literature (Farahani et al., 2013) RNDP has three types of problems
based on theaddressed decisions:

- Discrete network design problems (DNDP) focused on discrete design
decisions,

- Continuous network design problem s (CNDP) focused on continuous
design decisions, and

- Mixed network design problem s (MNDP) combine continuous and discrete
decisions.

Discrete models are appropriate for current networks, although these require
efficient algorithms to solve large problems. On the contrary, continuous
models are useful for finding fundamental relation s among variables
(Miyagawa, 2018).

Depending on the type of decisions (Farahani et al., 2013) TNDP contains
five sub-problems:

- Transit route network design problems (TRNDP) solve the design of transit
routes,

- Transit network design and frequency setting problems (TNDFSP)
determine the design of transit routes and frequency of each bus route (R.
Smith, 2014)

- Transit network frequencies setting problem s (TNFSP) solve the frequency
setting for route system,

- Transit network timetabling problem s (TNTP) solve the timetable problem
considering frequencies and routes given, and

- Transit network scheduling problem s (TNSP) solve the frequency and
timetable decisions considering a route structure.

This dissertation aims to determine spatial and temporary variables for road
and transit design considering strategic planning decisions. Therefore, the
traffic problem is a continuous network design problem (CNDP) ; and the
transit problem is a transit network d esign and frequency-setting problem
(TNDFSP), which simultaneously determines routes and preliminary
frequencies. Discrete and analytical models can solve a TNDFSP (lbarra-
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Rojas, Delgado, Giesen, & Mufioz, 2015) although parsimonious models
contain interesting characteristics for strategic decisions.

The parsimonious models are analytical models that rely on afew parameters
and assumptions to study macroscopic transportation systems (Daganzo,
Gayah, & Gonzales, 2012) For example, in transit design, a diverse list of
parsimonious models exists in the literature: Chang and Schonfeld (1991)
Daganzo (2010) Estrada et al.(2011) Badia et al.(2014, 2016)and others.

2.3.1. Transit system

In this research line, a diverse and extensive list of works analytically
analyzes the operation of public transportation systems. The investigations
have their basis on the classic articles of Vuchic and Newell (1968)
Wirasinghe and Ghoneim (1981) Chua (1984) JaraDiaz and Basso (2003)
JaraDiaz and Gschwender (2003a) Fielbaum (2019) and others.
Additionally, several works on networks usea structure of polar coordinates
developed by Haight (1964)and Smeed(1965, 1968)

5 EUT T E Oz (1988)EmalyAdsuthe behavior of a ring-radial network
considering a many-to-many demand. A continuous function represents the
commuting trip demand. The buses travel at a constant speed, and the model
imposes a fleetsize constraint.

Daganzo (2010)analyzes characteristics of shape and operation in order to
provide a high level of competitiveness for a public transport ation network.

The author models a square region with a uniform density , which combines
a grid with a hub -and-spoke pattern.

Badia et al. (2014) present an extension of the hybrid model formulated by
Daganzo (2010) The modeling considers a ring-radial pattern in the central
area and hub-and-spoke in the periphery. The model minimizes a cost
function with four decision variables: CBD size, headway, the spacing
between routes, and stops. In this line, other works are possible to mention,
e.g., Foletta et al.(2010) Estrada et al.(2011) and RocaRiu (2012)

Chen et al. (2015) propose an analysis of urban networks using two
continuous approximations (CA) models , which minimize a cost function.
The first case analyzes a city witharing -radial structure, and the second case
considers a grid structure for a transit system. Those models allow
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determining the optimal size of a CBD, the city border, time headway, and
spacing of transit routes.

More recently, Smith (2014)evaluates the impact of spatially heterogeneous
demand over a hybrid transit system considering a transit network design

with elastic demand. Ouyang et al. (2014)formulated a method based on
continuum approximations , which designs bus networks for an urban grid

system with non -homogeneous demand. The model achieves improvements
of 8% in numerical examples considering demand spatially varies over a city.
Moreover, Nourbakhsh (2014)proposed network design methods to improve

transit systems, considering low and heterogeneous spatial demand.

Unfortunately, these papers do not consider that time headways must vary
considering local conditions within a city. Moreover, no works have
expressed an analytical formulation representing the optimal transit
infrastructure needs and adapting to spatially heterogeneous and non-
symmetric demand over a town. Finally, the discretization method is relevant
if variables of a network spatially vary over a city depending on attributes of
transit technologies needed: speeds and operating attributes, the capacity of
vehicles and operation, frequencies, costs of capital, operation, and
infrastructure of a transit system.

2.3.2. Traffic system

Traffic congestion is one of the most significant problems for cities, as Colin
BuET EOEOwWEUUI U (UBuEhanBr)19&B) Several istiatdgies havean
application to smooth out congestion, most of them under the umbrella of
transportation demand management (TDM).

In previous papers (Farahani et al., 2013) three main decisions analyze,
considering a continuous network design problem (CNDP) as a subproblem
of the road network design problem (RNDP) : determining road tolls,
scheduling traffic light, and street capacity expansion The first group
includes works such asYang (1997) The second group includes works such
as Chiou (2008)and Ziyou and Yifan (2002) The third group contains the
majority of works about road network design problem s (Farahani et al.,
2013) e.g, Mathew and Shrama (2009) Wang and Lo (2010) and Gonzéalez
and Robusté (2011)

In this research line, Gonzalez and Robusté (2011) proposed a mobility
management tool to determine the percentage of road space necessary foa
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public transport ation system concerning private transportation considering
congestion externalities.

Furthermore, other authors analyze other decisions. An important decision
is to define the hierarchy of a road network (Li, Chen, Wang, Lam, & Wong,
2013; Miyagawa, 2018)

Li et al. (2013)proposed a system equilibrium model to optimize a primary
road network density . The model applied to a two -dimensional monocentric
city considers four agent types: local authorities, housing agencies,
households, and workers. The optimization model determines the density of

main roads maximizing the social welfare of the system.

Miy agawa (2018) proposed an analytical model to determine the optimal
spacing betweenroads considering a hierarchical grid road network wit h two
types of roads: minor and major roads. The travel time has two components:
free travel time and the delay at road intersections. Moreover, the model is
useful for designing hierarchical road network s. This model optimizes the
average travel time and analyzestrade-offs between the travel time on types
of roads. According to its results, several variables affect the optimal road
pattern, e.g, the road length, the intersection delay, the travel speed, and the
city size. Moreover, the model analyzes the effects on the accessibility to
primary roads and intersections. Finally, the author applied the model to
Tokyo city.

The article writes by Tsekeris and Geroliminis (2013)uses the ?macroscopic
fundamental diagram 2 (MFD) to analyze the relation between traffic and
land use applied to a concentric city.

Finally, a few contributions analyze the traffic network design considering
spatially, non-homogeneous demand using the continuous approximation
method. This dissertation concentrates its work on these contributions.

2.4. Methods of modeling

Daganzo, Gayah, and Gonzales (2012) analyze parsimonious models and
their importance, considering these formulations rely on a few assumptions
and have few degrees of freedom or input parameters.

Ibarra-Rojas et al. (2015) describe a list of transportation problems
considering their scale, i.e., strategic, tactical, and operational planning
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decisions. According to strategic decisions in network design, discrete and
continuous methods can solve transportation problems, although this
assertion extends the analysisto any strategic planning decision.

2.4.1. Parsimonious models

Classical models play an essential role in the research and technical
development of transport systems in many cities. The next list presents a
summary from the discussion of attributes of these models made by Daganzo
et al. (2012)

- The amount of data increases with the size ofa system.

- The included information is ultimately unknowable (e.g. detailed time-
dependent origin -destination data of trips).

- It requires computers and sophisticated numerical methods.

- The models are less transparentand difficult to verify . For this, accessingthe
machine codeis necessary.

- Detailed models might give the user a false sense of precision.

- It is difficult to separate noise in the output from the m eaningful relations
that are of interest.

- The models are most usefulfor evaluating specific policies or small solution
spaces.

Parsimonious models are analytically tractable (it is easy to work), physically

realistic (it is consistent with real-world behavior), and conceptually

insightful (it reveals fundamental properties of the analy zed system).

Therefore, the model is an effective parsimonious model. Useful
parsimonious models are appropriate o EI UEUDET wUOT T w? EdfT UI T EUC
large systems with many agenU UBPaganzo et al., 2012)and can be obtained

in two ways: analytical formulation and experimentation.

The main advantage is that parsimonious models change complicated
models with integer variables and uncertainty into much easier models with

continuous variables and differentiable functions. Effective parsimonious
models have five benefits: fewer data needs, reduced computational
complexity, improved system representation, transparency, and
insightfulness. The last one mayhelp to identify simple and effective policies.
Several examples use tlese models in transportation, at least in eight sub-
areas regional and urban economics, traffic flow, queuing theory, city
planning, network dynamics, public transportation, logistics, and

infrastructure management.
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According to Daganzo et al. (2012) it is necessary to advancenumerical
solutions, and advanced numeric techniques may refine preliminary results
of transportation strategies through empirical experiments and other
techniques.

2.4.2. Continuous approximation method

The continuous approximation method (CA) solves the problem on a local
cost basisusing variables that are densities (Daganzo, 2005) Gordon Newell
proposed the CA method, according to Daganzo (2005) Newell formulated
a continuous model that obtains the optimal bus schedule of departures from
a bus depot, in which the demand function is considered continuous (1971)

If there is no perfect information, such as passenger arrivals, traffic
conditions, and others, it is possible to model with smooth and continuous
functions because the information is not accurate (Newell, 1973). These are
common conditions in the design of networks. The CA method assumes the
following conditions: the input data varies slowly over the domain; the total
cost is the aggregation of small sub-region costs and their constraints depend
on the characteristics of these subregions (Daganzo, 2005)

The CA method solves a total cost function, which depends on local
attributes. It substitutes the optimization of discrete variablesfor continuous
density vari ables. The method works well when the function does not change
rapidly (Daganzo, 2005)

The cost functions are continuous, including a local cost © dh—) for each city
point i h—in polar coordinates. The total cost ("'Y§ comes from integrating a
local cost function on the circular city region of a radi us Y (Equation 2.1).

Y6 0 Oh—"Qil O — (2.1)

The optimization of an urban system comes from first-order optimization
conditions from the above local cost function concerning a decision variable
(i i ), which depends on local attributes (i). These optimized analytical
formulations allow getting the optimal val ue on all city points (Equation 2.2).

T ©dh—
T T+ i1 (2.2)
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The method has applications in a wide range of transportation and logistics
investigations, e.g, Clarens and Hurdle (1975) Daganzo and Pilachowski
(2011) Medina et al. (2013) Pulido et al. (2015) and others.

Clarens and Hurdle (1975)optimize the bus operation in which passengers
travel from one terminal to a set of destinations (one-to-many). This work

considers that demand varies according to time. The paper uses an analytical
model that minimizes the total cost using the continuous approximation

method to obtain the optimal headway.

Daganzo and Pilachowski (2011)optimize the bus bunching process based
on a system in which buses cooperate with information for buses that come
behind. The authors propose a continuous model because it allows
identifying ?control laws ? and quantify their performance.

Medina et al. (2013)optimize both the bus stops location and bus operations
simultaneously, considering their quantity and location are significant to
transit operational efficiency. The proposed model uses a continuous and
multiperiod approximation of a demand corridor, allowing for the

determination of the density of stops, which minimizes the sum of operator
costs and total costs to passengers.

Pulido et al. (2015) locate warehouses to design physical distribution

strategies for a delivery system with time windows. That continuous
approximation model includes a cost function with four variables: warehouse
density, number of consolidated orders per route, routing zone size, and
order consolidation time.

After considering the above, the continuous approximation (henceforth CA)
method may be one of the best toolsto optimize the macroscopic network
design.

2.4.3. Discretization

A few works propose a method that allows the discretization of results from
the application of the CA method, e.g.,Ouyang and Daganzo (2006) Medina
(2011) and Medina-Tapia et al. (2013).

Ouyang and Daganzo (2006)proposed an algorithm for discretizing location
issues and other logistic problems. The disk model is the basis of the
proposed algorithm, in which each facility location has a disk around it. If
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one disc overaps over another, then the solution is infeasible. In this case, the
disc must slide to the opposite side. Finally, a feasible solution has a non-
overlapping pattern of a disc. In the paper, the authors compare the results
between discrete and continuous modeling. The algorithm finds discrete

locations with a similar costregarding traditional modeling .

Medina (2011)and Medina-Tapia et al. (2013) optimize both the bus stops
locations and bus operations simultaneously. The bus stop locations come
from a continuous density function later discretized using a method based
on Ouyang and Daganzo (2006) The algorithm begins with a feasible
solution regarding the number of stops to be located in which an initial

solution can have equidistant locations among them. The stops change their
position sin a bus corridor , moving away or approaching each other in order

to find the equivalent areas. The algorithm stops when the solution finally

achieves a given tolerance.

2.5. Summary

- Each city is different from another regarding its origin, functionality, modes
of transport ation, and urban development levels. However, it is possible to
identify attributes considering form and spatial structure.

- Basic schemes of transit networks have different roles in a city, i.e., access to
the center, connect contiguous zones, disperse traffic on several streets,
traffic calming in residential zones, and others.

- Public transportation networks combine the infrastructure and operation of
a system: spacing, headway, direct-trip, transfer -trip based, and others,
including the demand and its distribution.

- Transportation and land -use have a two-directional relation in which the
structure of land use and population densities are decision variables of the
network design problem. At the same time, infrastructure proje cts may
generate positive changes in land use.

- Transportation network design depends on two components: the level of
service and urban structure.

- A wide variety of research includes studies on UTNDP, considering the
design of traffic networks (RNDP) and pu blic transportation (TNDP).
Nevertheless, a few investigations consider analyzing the effects of non-
homogeneous demand over a city.

- The parsimonious models are analytically tractable. Several authors have
used them to analyze large systems intransportation. Those models can be
physically realistic and widely accurate but will not substitute detailed
models.
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One of the techniques that allow working up parsimonious models is the
CA method. This model is useful for strategic analysis in the transportation
system andthe challenges of urban planning. The CA method is an adequate
tool to define an objective image, one of the first urban planning stages.
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3 . Modeling urban mobility

and network design

The chapter aims to propose a mathematical methodology for modeling
urban mobility and designing transportation networks: transit and traffic
systems. This chapter has five sections. First, the next section will present the
approach to model the demand. Second, the modeling of a generic transit
system has five sub-sections: the preliminary concepts, the assignment of
trips, the presentation of cost functions, the problem formulation, and the
method for optimiz ing systems. Third, this section contains the traffic system
modeling considering similar aspects in comparison to transit network
design. Fourth, two methods for the discretization convert the continuous
results, presenting their advantages and disadvantages. Finally, the chapter
finishes highlighting the main assertionspresented in this section.
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3.1. Demand modeling

In the literature of transportation network design, three approachesfacilitate
demand modeling at each transportation stage. First, the demand is spatially
homogeneous over atown (e.g., S. Chang & Schonfeld, 1991; Daganzo, 2010)
Figure 3.1(a) represents a spatially homogeneous demand atQ . Second the
demand is variable and symmetric, where the maximum value linearly or
exponentially decreases from the center to the suburbs(e.g., Byrne, 1975)The
case ofFigure 3.1(b) shows amaximum demand is in the center of a city (Q),
and decreases linearly towards the periphery with slope & . Obviously, given
‘Q and &, the demand distribution only makes sense for distances® Qja
from the CBD, in which, itis valid noting that o Qja.Third, Figure 3.1(c)
also represents symmetric demand, but it decreases exponentially (negative
exponential) towards the periphery .

2
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(b) Linear function: (c) Exponential symmetric function:
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It is worth mentioning that these last two formulations represent that
demand varies spatially, in which demand is symmetric for both cases A case
more realistic than the previous scenarios, the demand has a variable
behavior but not symmetric. In this dissertation, the demand is spatially
continuous, two-dimensional, and non-homogeneous.
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3.1.1. Trip generation and attraction

The dissertation will analyze several cases from a city in which demand
distribution is homogeneous to the last case in which the network design
considers heterogeneous demand. The importance has its basison the latter
may reduce the total system costcompared to the analysis of homogeneous
transit-route grids, as Ouyang et al. (2014)stated.

Thus, Figure 3.2 shows two examples of a concentric city that presents two
different densities for generated and attracted trips. Figure 3.2(a) and (b)
represent the trips generated and attracted of a monocentric city in which the

CBD mainly attracts trips from other areas of the city and generates fewer
trips than the periphery . On the other hand, Figure 3.2(c) and (d) represent
trips of an asymmetrically concentrated city, in which there is an attractive

area for trips from the center to the eastern sector of the city.
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3.1.2. Trip d istribution
The demand distribution function O h—h h— in [user/km 4] (Vaughan,

1986) represents the spatial density in polar coordinates of passengers per
hour who begin a trip from an area 'Q 1 'Q—in [km 2] about an origin point

37



Chapter3

i h— to an area’@ i Q—in [km? about a destination point i h— (Figure
3.3).

Source: Medind apia & RobustéMedina-Tapia & Robusté, 2019b)

The above function may be calculated through any method of interpolation
from an origin -destination survey using, e.g, bicubic spline interpolation.
From this function, = is the total trip demand, in [user/h], of a concentric city
of radius 'Y (Equation 3.1).

p p
3 Oihhh—10 0-i Q O (3.1)

Moreover, the above function also allows obtaining the function of generated
demand _ih—at a point ih—in [user/km 2] (Equation 3.2), and attracted
demand ” ih— at a point i h— in [user/km %h] (Equation 3.3).

p
_ih— OihA h—i a 0o (3.2)

p
" 1h— 01 h—hAh—i Q O— (3.3)

3.2.  Modeling a transit system

The transit design of a concentric city allows obtaining independent results
of a particular network . However, its conclusions apply to many cities with
a radio-centric structure (e.g., Paris, Milan, Moscow, Canberra, Chengdu,
Santiago of Chile, and others). The CA method and only relevant inputs of
the problem allow obtaining an analytical result that identifies relevant
factors and gets numerical results in reasonable computational times. This
subchapter has a basis ora paper (Medina-Tapia, Robusté, & Estrada, 2021)
detailed in Appendix D .
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3.2.1. Preliminary concepts

The region of analysis is aconcentric city of radius 'Y [km], including ring and
radial routes. Moreover, the modeling considers the rush hour of the city (0 )
as the period of analysis because the peak period defines the required
infrastructure .

Users have a norrhomogeneous continuous distribution over the city. Thus,
each point 1 h—, which is in polar coordinates, has a different density value
01 h—h h— in [user/km 4], representing the trip density distribution from
apoint i h— to i h—,eg., from aninfinitesimal orange area to a black area
in Figure 3.4. This function defines the generated and attracted analytical
demand function : _ i h— and ” i h— expressed inEquations 3.2 and 3.3. These
condition s are essential because the demandhas an imperfect distribution
over a city, a condition typical of all cities, mainly in developing countries.
Thus, the approach allows correctly characterizing the demand to obtain an
adapted transit scheme.

%D1 Wkl 3UEOUDPUwWUD@OE D BDE 6wl QY DEGBEQIOOA OUI 1 U
x ORIPUT EwdODOUUK
The model assumes that passengers can travel on two types of transit routes:

ring and radial routes (6  di ) in four directions.

- Ring routes users can travel clockwise or anticlockwise direction ( &
wdoa £ OBdAaE 0 QO a £)o Qo Qi Q

- Radial routes users can go to the center or come out from this (
1Ot | RG®D o i JQQQ
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Parameters

The transit network design models a system during the peak period (rush
hour, i.e.,0 ) in which it lasts"Yhours (Appendix A ). The model analyzes
three types of modes (HRT, LRT, and BRT) in which the systemhas identical
vehicles for all routes. Each type has different attributes and unitary cost
values. The operation of transit services has the following attributes:

- Cruising speedu ),

- Time lost by braking and acceleratid,

- Stoping time pestation/stop(t andf ),

- Time lost by crossing an intersectioh ),

- Positioning time atterminals of a routeq ), and
- The rumber of verk shiftsona vehiclg— ).

The user-related parameters include the perception of time and average
access values:

- Perception of time by usefs,t [, and| ),
- Average access spded i ) including walking spee@ ), and
- Average distance to transfer between two statfonk

The list of unitary cost parameters considers users, capital, operation, and
infrastructure cost:

- Travel time value by average useJ,(

- Unitary cost pewvehicle§ ),

- #UDPYI Uz UwPENT wxl Uwi OUUwo

- Operating cost per kilometer travelath cruising speec ( ), and
- Linear ¢ ) and nodal{ ) infrastructure cost

Infrastructure also depends on the types of services, which also influence
their attributes and unitary costs .

- Linear infrastructurehas railways for HR Ts and LRTs, and roads for BRTs.
- Nodal infrastructureis at intersections of two railways/roads with stations for
HRTsand LRTs and stops for BRTs.

The system has mnstraints for network design and transit operations.
- Vehicle capacity constrain€apacity depending on the type of vehicle (0 ),

- Spatial consaint: The model through constraints ensures that vehicles reach
the cruising speed between stops/station (0 ), and
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- Headway constraintThe model avoids frequencies that could be dangerous
for the operation of a system, especiallyfor railway services (0 ).

Finally, the detailed explanation of previous parameters is in Appendix A ,
including the definition and their units.

Assumptions

The following points present the assumptions of this work.

- The passenger arrival rate at each point is deterministic and high. Therefore,
the model considers a transit operation by frequency.

- Passengers boardalight a vehicle of a service that hasfixed and known
transit stations. Hence, the model does not consider user reassignment on
the network .

- Users can take one or two services performing up to one transfer between
routes.

- 37T wOUT UUZWEOUUWPUWDOET x1 OET OUwOI wiET 1 Owl
(period), or other conditions.

- The drivers' salary is steady. In other words, wages do not depend on the
number of passengers transported.

- The unitary cost of operations is the same when a vehicle travels at cruising
speed, a car accelerates and brakes at a stationand users board and alight
at a station.

3.2.2. Trip assignment

Considering a static assignment problem, passengers take the shortest
distance route using a ring, a radial route, or both types of routes. Therefore,
the demand will consider three mobility patterns:

- If the destination is on the same side of the city between— ¢ and — ¢
angles, and the trip destination is closer to the central city point than the trip
origin. Users will initially use aradial route and a ring route secondly.

- If the destination is in the same city side, and the origin is closer to the
concentric city center than the trip destination. The users should firstly use
aring route and secondly a radial route.

- If the destination is on the opposite city side, these trips are between— ¢
and — ¢ ¢“ angles. It is worth noting that these angles have two radians
concerning the radial axis of a point i h— in a concentric city.
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Based on the demand distribution function, four density functions represent
the demand for each stage of a trip access, waiting, invehicle travel, and
transfer function .

- "0 ih—is the density of users who board and alight from a transit vehicle
[user/km 2],

- "Q ih—is the density of users who wait for a transit vehicle with direction
av O dhi [user/kmagd],

- 'Q ih—is the density of users who travel on a transit vehicle with direction
oN 0 Gftafibi; [user/kmgh], and

- "Q ih—is the density of users who transfer between two vehicles of transit
with direction av 0 dii  [user/km 2.

These density functions will be able to calculate how many people access,
wait, travel, and transfer at each point of a city considering different

components of the generalized cost ofa system. Appendix B presentsthe all-
or-nothing assignment problem applied to a continuous space for transit
systems.

3.2.3. Cost functions

The model formulation contains two components: user ("Y in [usergh/0 ]) and
agency © in [$/0 ]) costs asEquation 3.4 shows it in which the travel time
value (* in [$/usergh]) multiplies the user cost function (JaraDiaz, 1982a,
1982b; JareDiaz & Cortés, 1996; JareDiaz & Gschwender, 2003b, 2009)

Y6 ' OY 6 (3.4)

Variables

The network design of transit embraces two types of sub-problems: fixed and
flexible spatial transit systems. In the former, the ring and radial services just
run on a radius given or an angle given, respectively. In the latter, services
can overlap their routes to save coss on infrastructure. The first case has four
variables: two spatial variables and two temporary variables. The second case
has three variables in which one unique headway defines the transit
operation (Table 3.1).
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i Fixed-spatial transit Flexible -spatial transit
Variable Route p p

system system
Spatial Ring routes ol 0 1
variables  Radial routes B — iR
Temporary Ring routes Q i .
variables Radial routes N —
User costs

The total time of users ([usergh/0 ]) contains four functions (Equation 3.5):
accesy"Y), waiting ("Y), trip ("Y), and transfer time ("Y).

YUY Y Y Y (a)
where
g (b)
Y "Q ih—0YD ih—1QiQ-
P
Y "Q ih—JY®D ih—10QiQ- (¢ (35)
p
Y Q ih—JYD ih— 1 QiQ- (d)
’ N
Y "Qih—0Y® ih— 1 QIQ- (e)

The time functions represent the total time for each trip stage of a transit
system. The calculation of these functions comes from the integration of the
local time function over the circular region (Equation 3.5):

- Access timePassengers lose time to getto the closest station or to the
destination from the origin . First, the demand in rush hour ("Q i h—JVYin
[user/km?® ]) is the density of users that board and alight at a station/stop
during the rush hour . Second the average accessibility time per user(o ih—
in [h]) depends on the time perception and the average accestime.

- Waiting time: The passenger density that board s a vehicle is"Q i h— JYin
direction av 0  ¢hi  during rush hour ([user/km2¢0 ]). The average
waiting time per passenger at a station is © 1h—in [h]. It depends on the
time perception factor and time headway of a service.
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In-vehicle travel timeThe total travel time depends on two components: the
user load density in rush hour ("Q i h— JYin direction aN O &ftafidi: in
[user/kmg 1), and the travel time per kilometer ([h/ km]).

Transfer time Two factors comprise this local time: the user density that
transfers at a point i h— to direction av 0 dii  ("Q i h— JYin [user/km 7)),
and the average transfer time function ([h]). The latter depends on the time
headway waiting for a service and the average time walking between
arriving and boarding stops.

/ \\
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The formulations of local time functions per passenger or kilometer for the
previous functions arein Table 3.2, and their explanations are the following.
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Average access time per passer(@ern h—): The access timeis half of the
maximum walking distance (Q O B 23j1), as shown in Figure 3.5,
multiplied by the access speedy i (e.g., Kuah & Perl, 1988; Wirasinghe &
Ghoneim, 1981)

Average waiting time per passengeér ih—, av dhi ): The waiting time per

passenger depends on the time perception factor { ) (TRB, 2013) The model
assumes that the headways are deterministic and perfectly regular, i.e.,pf¢
headway (e.g., Larson & Odoni, 2007; MedinaTapia et al., 2013)

In-vehicle travel time per kilomet@r i h—, av GROA A ): It depends on three
components. First, traveling on the vehicle affects the users' time perception
(). The second component is the tavel time density based on the cruising

speed of vehicles (pj 0 ). Third, the time density generated by losing time at
stops/stations considering acceleration and braking operations ( t),
passengers that board and alight at stops/stations ¢ 1 ), and crossing an
intersection (t ). Thus,t t+ t t t in [h/station] (JaraDiaz &
Tirachini, 2013).

U
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- Transfer time per passengdér i h—, av ¢ ): The average transfer time that is
multipl ied by a perception of the time (1 ) (TRB, 2013)incurred by a
passenger ( jU Qi j¢for ring services or, ju "Q —j ¢ for radial

services)
SEE@GBw 3PDOI wi UGEUDPOOB WO wxEUUI OT1 UL
Stage  Route Fixed-spatial transit system Flexible -spatial transit system
Access Qi k —2 Q ifi- B A2
time | S‘l':])—l | 3 D1
0 ih—
Ring Qi
Waiting  routes [ C 0
time f 34_
5 ih Radial Q —
0 ih— 3
routes C
Ring p t p T
[ O— 'O+~ ——F
IVT time OUteS b B —3 0 B iR-2
0 1h— Radial et op
routes 0 Qi 0 Q ih—
Ring 10 l
Travel routes 0 C
time 10— —
o ih— Radial N 0 — v S
routes 0 C

Agency costs

The agency's operating costs are proportional to the fleetsize ("0in [veh]).

e : Transitvehicle e : Transitvehicle
position

position

(b) Radial foutes

wWE EWE VQEVD wUDAI

Jl OUPUDD
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The fleet isthe sum of vehicles that travel on ring s and radial routes (O "O
"0in [veh]). The fleet size of a serviceon a corridor is the ratio between the
cycle time and headway (JaraDiaz, Fielbaum, & Gschwender, 2017) Figure
3.6 shows vehicles as black dotsobtained from the ratio. In Equation 3.6, the
number of vehicles on rings or radial routes depends on the density of routes,
i.e., the inverse of the distance between routes Moreover, 6 Jis the cycle
time of a vehicle on a corridor line of type a ¢ [h/route].

o i p

. 91 o 2 v o
o) ) @
°o — P Q—a i
v Q— —
where
‘ (36)
T e T S
o0 S S — o
o0
e p o T
T %y v oo o

w

The cycle time depends on the travel time d ensity based onthree elements:
cruising speed (pj U ), the time lost at terminals (— or —), the time density
generated by acceleration and braking operations (—— or —), the dwell

time density by passengers that board and alight at stops/stations ( or

o}
—), and the time lost at anintersection (—— or —). Thus, * + t

t in [h/station] .

In Equations 3.7, the agency costhas three components (6 in [$/0 ]): capital
(6 ), operational (6 ), and infrastructure cost(6 ). The last two costs have sub-
components. The operational cost 6 6 6 ) includes the on-vehicle crew
cost (6 ), and in-operation vehicle cost (6 ). Theinfrastructure cost ¢ 6

6 ) includes the linear (6 ) and nodal infrastructure (6 ).

- Capital costn Equation 3.7(a): Thecost @ By ;'Q2 2in [$/0 ]) depends
on the fleet in direction av dii (‘Oin [veh]) and the cost per vehicle ¢ in
[$/vehd 1).

- Operationalcostin Equation 3.7(c-e): First, the total salary (6 "03- JYO3
in [$]) is in proportion to three components: the fleet ("0, av di ), the
number of work shifts on a vehicle (- ), and the salary in the rush hour ("YO
« ). Second, the total operating cost (6 in [$]) comprises of two
components: the number of vehicles that run on a corridor (¢J3YQ 1 or
¢ JY'Q — respectively), the operation cost per unit of distance traveled on
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a cruising speed (+ ) considering the width of a transit corridor ‘Q i or
B —.
6 6 o6 0 @
where

8 oo ()

6 6 o6 (o)

0 03 JYOo (d)
. COYD cIYD . (3.7)
¢ a1l @1 g —3 -2 @
6 o6 0 (f
" Y P RS
o] ¢O O o 5 _33 1 QIQ- (9)
_P

:)g%:) Qi0- (h)

B —

P 4 gPW) . T

P 4 P 7

D) 4 B

/ .‘.\ dﬁ I__ o8 -l"
N e
[ o

(&) Ring services | (b) Radial services

i UOEUDPOOS

- Infrastructure costin Equation 3.7(f-h): The linear infrastructure cost (6 )
depends on the number of routes and its length of rings and radial routes
(—or D OwgZ OQuiddianian di ), and the unitary cost (- in
Z 3 ¥ OO ¢0U]P N lugitary cost per km in the rush hour has a fixed
component and another variable part ( - . . JY in
Z 3 ¥ 0 O @OV Flguvd 3¢(g)). The nodalinfrastructure (6 ) depends on the
number of intersectons ——3— and the wunitary cost « in

[$/stationd) O UW0Tl (Bigure 3.7(h)), considering each intersection has four
stations or stops (Figure 3.8).
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i UOELDOO

3.2.4. Problem formulation and optimization

The transit network design and frequency setting problem (TNDFSP)

minimizes the total cost, taking into account a heterogeneous demand
distribution .

Problem formulation s

The mathematical problem is a nonlinear systemwith inequality constraints,
replacing the user and agency subcost functions on the objective function
(Equation 3.8(a) and 3.9(a), respectively). The formulation of the total cost of a
transit system (Y6 * 3Y 6 ) in monetary units ([$/ 0 ] contains two
components: the user cost component (Y in [useréh/0 ]), which is multiplied

by the travel time value (* in [$/user¢]), and the secondcomponent of agency
costs (6 in [$/0 ).

- Fixed spatial transit systemFirst, the problem has four decision variables
(Q 1 BB —HQ i AQ —) according to the spatial and temporal deployment
of resources. In this problem, the fixed variables do not change along a
corridor . Second, he problem has three sets ofconstraints. The first of these
(Equations 3.8(b) and (c)) ensures that occupancy does not exceed the
capacity of each vehicle (0 in [user/veh]). Second, e minimum distance
between stations ensures thattransit vehicles reach the cruising speed before
arriving at the next station and can correctly brake (Equations 3.8(d) and (e)).
In the case of radial routes (Equation 3.8(e)), 0 0 ji ,wherei is
a minimum rad ius in which this constraint applies in [km/route] or
[rad/route], respectively . Finally, the operator requires a minimum
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separation (time) between consecutive vehicles(TRB, 2013) Equations 3.8(f)
and (g) ensure that the optimum frequency is feasible (0 in [h/veh]).

DOES COY Y Y Y 8 6 6 @)
fAB QIR0 o010 o i (®)
o § Yo
s B P
1 A8 QiR-% —5—0 0 © (38
Qi 0%° 1 (d)
B — 0 I — (e)
—~ - Q N
Qi 0 i ®
0 — 0% — )

Flexiblespatial transit systemFirst, the problem has three decision variables
(Q ih—Ff3 1h—HO), which is flexible due to the spatial variables that could
change along a corridor route. Second, te problem has three set of
constraints. The first set (Equations 3.9(b) and (c)) ensures that the demand
does not exceed the capacity of a vehicle § in [user/veh]). The second set
(Equation s 3.9(d) and (e)) makes sure a minimum distance between stations
to reach the cruising speed before arriving at the next station braking
correctly (0 in [km/route] or [rad/route], respectively ). Thethird constraint
(Equation 3.9(f)) makes sure that the optimum headway has a minimum
separation between vehiclesin time units (0 in [h/veh]) (TRB, 2013)

BOEYE O Y Y Y 6 6 6 @
LA Qif-X iF-30 0§ (®)
o . Y
LAG Qih-3 ih—:)c—lijo 0 © (39)
Q ih— O I ih— (d)
kK if— 0 ) iF ©
0 0 )
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Method for solving the problem

The Karush-Kuhn-Tucker (KKT) conditions allow finding th e necessary
conditions to solve a nonlinear system. The first-order optimization
conditions enable obtaining optimized analytical functions , and it will permit
getting the optimal value at overall city poi nts. The necessary conditions are
not sufficient for optimality, but all local minimum satisf ies them. Therefore,
a convexity analy sis of the problem is required to find the optimal solution .

O dh @ ih— @ ih—
TO‘—(‘Dh_ - i :;— - —:;— n!Q
REe) = TaO = T&O (@)
of8 Fe
Wih— 0 m!Q pBR (b) (3.10)
JOOWiR— 0 m!lQ pBR (©)
Jo n!lQ pBkR (d)
@O 0 I Q pf8 e (e)
where
- Fixed spatial transit system
e R of
@O Qifg —hQi o —
O _ihihih —h —h —
- Flexible spatial transit system
¢ oft uf
O QihFs i1h-RO
JO  _ iRk ih-h ih—h 1h—h

Using the CA method, the o ®h— is a local cost function at a point ih—.
Equations 3.10 shows the set of KKT conditions considering the number of
variables ¢ and constraints ¢ . The stationarity conditions (Equation 3.10(a))
come from the local cost function considering multipliers ( _*2) and
constraints for rings (& ih—) and radial (& i h—) routes. The second condition
(Equation 3.10(b)) embraces the constraints (&'). The third condition
(Equation 3.10(c)) is a complementary slacknessexpression. If an inequality
becomesan equality equation (tight), its slack is zerg and its multiplier takes
any non-negative value (Equation 3.10(d)). Finally, each decision variable (cy)
must be higher thanav (0 ,0 ,0 ,0 ,respectively; Equation 3.10(e)).

Optimal analytical solutions

The model allows obtaining the optimal analytical functions for each decision
variable through the formulation of Equation 3.10(a): the distance between
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routes and the headway between vehicles on each type of route (Table 3.3
and Table 3.4), respectively.

- Optimal distance function between ring routes[km/route] : From stationarity
conditions, the isolation of the decision variable (Q O) allows obtaining a
square root of an analytical ratio. The numerator of this ratio is a cost
function obtained from two components. The first component is the cost due
to users on radial routes that arrive at a station. The second component is
the operation and infrastructure cost on a ring ro ute ati. The denominator
represents the cost per area due to access to a stationand two more
components from the constraints: user density per kilometer on a vehicle
multiplie d by a Lagrange multiplier ( _ O3), and a second Lagrange
multiplier ( _ ).

- Optimal distance function betweendial routesin [rad/route]: The analytical
structure of the optimal angle between radial routes (5 O) is similar to the
previous function. Moreover, two factors include the denominator
containing the multipliers _ Jand_ 2.

- Optimal headway function on routés [h/veh]: The optimal headway has the
same structure for ring and radial routes. In the case of a flexible spatial
transit, the numerator and denominator include the cost of both types of
routes.

It is worth mentioning that the equations of Table 3.3 and Table 3.4 have two

new parameters. First, the time lost at a station (t+ t + t+ t in

[h/station]) . Second, the equations have grouped the cost per vehicle and the
salary cost per vehicle in rush hour (« - - ov> in [$/veh@ ]). The

optimal analytical function s (Q Ofs 2RQ OHQ OhO) depend on the result of

the other type of route and headways.

3.2.5. Methodology for obtaining continuous solutions

Inequality systems

The optimal functions Q i and Qi (Equationsin Table 3.3) have a common
factor _ i :)l’ﬁNA @Q ih— . This factor allows equating the two expressions

obtained from Equation 3.11(a). Thus, KKT conditions (Equation 3.10) allow
formulating an equation system to solve the problem of ring servicesin the
set of Equations 3.11, where Equations 3.11(b) are the constraints, Equations
3.11(c) are the complementary slackness, and Equations 3.11(d) is the
integrality of multiplie rs.
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For the radial routes case, analytical development is similar to the ring case
to obtain an analytical equation system to solve the radial service problem
(Equations 3.12). The meaning of the equations is similar to the previous case
the set of Equations 3.12(b) is the constraints, the set of Equations 3.12(c)
contains the complementary slackness conditions, and the set of Equations
3.12(d) represents the integrality of multipliers.
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Method of two phases
Each set of Equations3.11 and 3.12 contains a system with inequalities that

allows obtaining the optimal solution. In consequence this dissertation
proposes an algorithm based on the CA method (Figure 3.9). The dgorithm
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consists of iterating the analytical expressions of ring and radial corridor s
until reaching convergence.

The method has two phases The first stage consists ofthe initialization of
variables in which a feasible solution uses the minimum value of each
variable, respectively: v v . Moreover, the algorithm creates a variable
that storesthe number of iterations (i). The second stage is an iterative process
in which the model calculates the four decision variables. The process will
iterate while the solutions are feasible, and the error is higher than the
tolerance for each variable. The first sub-problem calculates the two variables
(@ i HQ i )fora setofringcorridorroutes (i ¥ m@®Y) if there are feasible
solutions and first-order optimization conditions are satisfied. In the case of
radial services (5 —HQ —), the process is identical. The variable will
increase by one unit. After that, the algorithm analyses the convexity of the
problem. The algorithm will stop when the error is less than the tolerance

Algorithm : Solution of the continuous transit problem

Initialize Q i v ;B — 0 ;i L ;Q — v

i:=1

while (abs@ i +1Q i ) > tolerance or absf —iB —) > toleranceor
abs(Q 1 +Q i )>tolerance orabsQ —1Q —) > tolerance)

foreachi v ma@8Y do
Q 1 AQ 1 « SystemOfEquatior(s —hQ —)
end for

foreach— 18 ¢“ do
B —hQ — « SystemOfEquation(sQ i AQ i)
end for

i=i+1
end while
%DT GBI 3T IMBDUBEUVOBEHWEEBLUUD
UOOYI WS Bt OOUT 1

T WExxUORDOEUDOOL
wU Owxi EUI U

3.3. Modeling atraffic system

3.3.1. Preliminary concepts

Consider a concentric city that has a radius of Y [km] whose demand is
spatially continuous. The circular city hasmajor rings and radial roads. Thus,
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the model assumes thatusers can take two types of roads represented by
black lines in Figure 3.10: rings and radial roads (o  di ) considering four
directions. Each road serves an area called aoad corridor Corridors contain
origins and destinations of private trips, e.g., the infinitesimal orange area
and the blue areain Figure 3.10, respectively. The drivers use rings or radial
roads turning at an intersection (green points):

- On ring roads users can travel clockwise or anticlockwise direction ( &
wdoa £ O @daE @ QO a £)o Q0 Qi Q

- On radial roadsusers can travel to the center or come out from this (
1dQe | @D o i JQQQ

The modeling considers the four-stage of the transportation model . The
modeling of demand maintains a similar scheme to the transit case. The
generated demand_ i h— at a point ih—| in polar coordinates| is a density
function in [user/km 2¢h] (Equation 3.2, p. 38), and the attracted analytical
demand function | in polar coordinates| is” ih— (Equation 3.3, p. 38).

%D Wy 1 OEE wU U U D DUWDEEDEOEWDBEHW U U I

The model embraces at least onevehicle type, but it could include other
additional types of vehicles . For example,in Medina and Robusté (2019b) the
analysis of impacts of connected and autonomous vehicles (CAVS)
considering two types of vehicles (@ & i) ad @p @) including dedicated
lanes for CAVs allowing the formation of platoons. The third section of
Chapter 5 explains the results in detail. Appendix E explains this subchapter.
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Parameters

The period of the analysis is also the rush hour (0 ) because the peak period
defines the needs of infrastructure required . The peak period lasts“Yhours.
Appendix A contains lists of all parameters used by the model.

The first group of parameters includes parameters that define the attributes
and behavior of car users:

- Users perar. the average number of users in a car(- ),

- Car speedsspeed to access main roads(b ), speed tolocal roads (b ), free-
flow speed (0 ), cruising speed (b ), and

- Parking behaviorthe average distance looking for a parking spot before
destination ('Q ), and the average walking speed after parking (0 ).

In a second set, the @erating parameters define attributes of roads and
parking:

- Accessing penalizatioraverage penalization time for accessing the nearest
primary road from origin ( 0 ), and accessing the local roadsfrom primary
roads (0 ),

- Road parameterthe parameters of BPR volume-delay function (®and ¢y, the
capacity road per lane (Q), the number of lanes on roads (- ), the average
time crossing an intersection (t ), and

- Parking parameterst includes the average density of parking vacant spaces

L)

Third, t he list of unitary cost parameters considers users, capital, operation,
and infrastructure cost:

Travel time value by average use}, (
Unitary cost per vehicland distance unif- ),
Parking fee« ), and

Linear infrastructure costs( ).

Assumptions

The following points summarize the model assumptions.

- The private transportation demand is known, deterministic, and the
function varies concerning its position.

- Car users take the cheapest route (minimum generalized cosf) to the
destination, and they can usering streets, radial streets, or both of them.
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- Thetravel time value is the same for all users.

- The road capacity is proportional to the number of | anes.

- Neither a driver can stop and wait for a vacant parking space nor return
upstream when looking for a parking spot (Arnott & Rowse, 1999).

- Vehicles park on service streets; therefore, they do not cause a reductiorin
road capacity. The model does not consider the parking capacity.

- The model does not include urban freight distribution and public
transportation costs.

3.3.2. Trip assignment

The modeling assumes a static traffic assignment problem in a continuous
space implementing an incremental assignment method, which gives a
correct strategic planning approach.

The method divides the distribution matrix at 0 factors (B 0 p, Where &
is the number of iterations). Thenceforth, this way iteratively assigns to the
network each part of the fractioned matrix .

Thus, atstep 0,the method usesthe all-or-nothing method. For this step, there
are three caseqMedina-Tapia & Robusté, 2018a)

- Radialcircular trip: Users can take a radial road first and then take a circular
road,

- Ring-radial trip: The users take aring road and, after that, a radial road, or

- Radialradial trip: The users take a radial road from the origin to the city
center and, subsequently, they take a roadof radial type to the destination.

In the following steps, the assignment considers the travel time calculated
from accumulated flows. In order to finish the algorithm, the method must
sequentially assign all fractions to the network. The assignment results are
the density functions of demand (third section of Appendix B, p. 180).

The model has three types of demand density function s obtained from the
assignment method.

- "0y ih—is the density of vehicles of type 0 ¥ wthat access from the origin to

the closest circular or radial primary road 0 N & [veh/km 2],
- "0y 1h—is the density of vehicles flow of type 0~ @that travel on a circular

or radial primaryroad 0 v ® EOOUPEITI UDPOT wbhUUWEDUI EUDPOOWEZYI T 1
- "0y 1h—isthe density of vehicles of type 0~ wthat arrive from a circular or

radial primary road to the destination 0 ¥ & [veh/km 2].
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3.3.3. Cost functions

The total cost function (“Y6 in [$/0 ]) has two elementsduring the peak hour
0 (Equation 3.13): the total cost of users ¢ in [$/0 ]) and the agency cost
(6 in[$/0 ).

Y6 & 6 (3.13)

Variables

The two decision variables of the model are the distance betweenrings and
radials roads. Table 3.5 explains both continuous spatial variables
represented in Figure 3.10.

SEE&B w #1 E b UBIOBDRINOW WEHRIVOET i ®EwUauvull O
Decision v ariable s

n i distance function betweenring roads at the radiusi km [km/road]; and
W — angle function between radial roads at an angle —[radian/road] where
f i1h— w —Q is the distance between radial roads at a city point i h—
[km/road].
User costs

The total user cost function (6 in [$/0 ] where 0 representsthe rush hour
in a city) contains three components (Equation 3.14): the accessibility cost to
the closestprimary road (6 ), the cost spentduring a regular car trip (6 ), and
the arriving cost at the destination (6 ).

The cost functions represent the total cost for each stage of a trip in a car. A
in the case of public transportation, these functions come from the integration
of the local cost function over the circular region of a city (Equation 3.14):

- Access cost to main road®e local accesgost function has two components:
the demand density in rush hour ("Qx ihi—3JY— in [veh/km2@ ]), and the
average access cost per vehicled 5 i h—) in [$/veh]). The accessostto the
main road is the integration of the local accesscost over the city region
considering the types of vehicles v~ @ (6 in [$/0 ).

- Regular trip costSimilar to the previous case, the total trip cost (& in [$/0 ])
is thereby the integration of a local cost function over the circular region.
The elements of the local cost function are the demand density in rush hour
(Qr 1h—3Y- in [veh/O OF ]) and the local generalized travel cost on all
roads (O iiNZ3 hOQPg Y1 1
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Arriving cost to trip destinationsThe total arriving cost (& in [$/0 ]) is also
the integration of the local cost composed of the demand function in the rush
period ("Q; ih—3Y—- in [veh/0 ]), and the expected walking cost and
parking fee (& i h—in [$/veh]).

where

6 P 505 1h-0Yaby 1F— i Qi0-
r 0 Y (3.14)
—O "Q ih—OJYy i T PO i h—JYaD 1h— 1 QIQ-

6 P50 1 ovabs i i @io-

N N

Equations in Table 3.6 show the average local destination cost ($/veh]) for
each road type.

60

Average access cq6t; i h—in [$/veh], 0 v di ): The average access cost for
accessing has two components. First, cars travel a quarter of the distance
between the origin and the closest primary road. The average travel cost is
the multiplication of this distance and the generalized cost [ (J
3 jb « in €3 ¥ OQ) Secdnd, the users incur apenalty time for
accessing theclosestprimary road . This penalty time is a cost using a unitary
costfactor{ ([ * 3 0 O3 POwWEZ3Pi gVYI i
Generalized travel cogb; ihi—inZ3 h OO, ¢ ¥ i )Foraregular trip , the
generalized travel cost function has three components. The first component
represents congestion effectausing a Bureau of Public Roads (BPR) function.
The free-flow travel cost per kilometer i s the inverse of freeflow speed
multiplied by the value of travel time (* 3-ju ). The congestion level
depends on the traffic flow ('O ih— Q7 ih—2) 1 j— and™O ; ih—
Qi ih—2Y 1jcay —j-) and the capacity of aroad (0 ; i h—) where
vehicles can travel to one of the two available directions: &~
odoha ¢ OAabJRE @ Qb a ¢ dQuilys,Qand i v 1 dQ: i NGB o1 MRQ
radial roads. Second the unitary cost of a regulated crossroad by traffic
lights is the ratio between the cost spent by crossing aroad (* 3 OF ) and
the distance between roads { Qy —or ) i ). Finally, the last component is
the operational cost of a vehicle per traveled kilometer (- ).
Average destination cogb ; i h—in [$/veh],0 v dhi ): After a user parked his
car, hewill pay the parking fee and walk to the final destination. The average
destination cost has five elements. First,users incur a cost br accessing local
roads (0  wherel * 3 0 3 in €3 ¥ I]§ 8dcdnd the driving
cost on local streets before a userstarts to look for a vacant parking spot.
This sub-cost is composed of the average distance (e.g.,; i Q jt)and
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the generalized cost( ¢ 3-j0 - ). Third, the cost incurred by users,
which are looking for a parking space, is the multiplication of the average

distance between vacant spots (pj_ ) and the generalized cost ({

“ 3-ju - ). Fourth, walking to the destination is the distance betweena
user parked and the final destination. According to Arnott and Rowse

(1999) the expected walking distance after parking the vehicle has two
cases. If a driver finds a vacant space bfore his destination (0 Q) then this
driver will walk 'Q @wkm. In another case, the driver will walk & Qkm to
the destination. Therefore, the user walking cost is the multiplication of the

expected walking distance and the generalized cost ( ¢ 3-j 0 ). Fifth,
the costfinally includes a car-parking fee (« ).

BEE@GBw " OUUwi UOEUAPOOUWOI wUUIT UU
Stage Route Unitary cost functions
Ring n i .
—d oY

Access cost "OUteS t
@i = padial Py — ‘

routes 3 oA

Ri ‘ O i <3 of

rollrjtg:as P woohviﬁ— Ty —
Travel cost v h
O 1 h— .
@ Radial Lo o On iR o o

routes 0 P O j ih— noi

Ring ‘ ni Q { < 2> 9
Destination routes o T 2! _ - © _ 1
cost ‘ 5
®f ih— Radial | iy — Q °[_ [§09) ) Il .

routes © X T 4 _ _ @ - 1
Agency costs

In the agency cost ¢ in [$/0 ], Equation 3.15), the local cost function ([$/km?])
is the multiplication of the cost per linear kilometer and the road density
(pin 1 orpji ay —). The unitary cost contains two parts: a fixed and a
variable element, i.e.,. . . JY

Qi — (3.15)
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3.3.4. Problem formulation and optimization

The formulated model has its basis on the CA method in which its objective
function re presents the total system costfor a continuous network design
problem (CNDP). Thus, the model solves a system optimum (SO)using an
incremental traffic assignment in a continuous space. The CAmethod solves
a function of costs, which each point i h— in polar coordinates (i is the radius
and —is the angle in radians) depends on local cost attributes.

Problem formulations

The total cost function ("Yé in [$/0 ]) results from the integration of the local
cost function of a differential region in polar coordinates (i QiQ)-over the
circular region (m i 'Y,m — ¢*). The total cost function ("Y6 &6 ¢ in
Equation 3.16(a)) has two components: the total cost of users ¢ in [$/0 ])
and the agency cost 6 in [$/0 ]).

bQevé6 6 6 06 6 (a)
s.t.
P oaq B A
dd)(b_Qthh—Q] | ™o )i (®)
hw O 5 ih—
0 s v (3.16)
oo i |
LA 5 A T80 (©
ni o i (d)
W — 0 = (e)

The model also considers that the congestionmust not overtake 90 percent of
the road capacity for any direction of a road (Equations 3.16(b) and (c)).
Finally, the distance between roads must be greater than v (Equation
3.16(d)). For radial routes (Equation 3.16(e)), v 0 ji ,wherei isa
minimum radius in which the model apply the constraint from this point .

Method for solving the problem

The nonlinear system hastwo decision variables o 0 1/ i y —,&¢  ¢),
and four constraints (¢ 1). The set of Equations 3.17 shows the KKT
conditions in which Equation 3.17(a) is the first condition for each decision
variable. The second condition contains the constraints ¢¥ (Equation 3.17(b)).
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The third condition set is the complementary slackness (Equation 3.17(c)); if
an inequality constraint is active, its slack is zero, and its multiplier ( _" 2)
takes any non-negative value (Equation 3.17(a)). The multiplier s (_" 0) are
non-negative (Equation 3.17(d)). The decision variables must benot less than
0  (Equation 3.17(e)). In Equation 3.17, the expression contains an equation
system with inequalities. This system of equations allows obtaining the
optimal solution through the method of successive approximations.

1 6 bfic 1A bif o
Tdo - s ~Srgs mI Rk @

Fih— 0 m!lQ pBR (b)
h 4 . e (3.17)

20dFih— 0 m!Q piBF ()
"o nmiQ pBR (d)
O 0 I Q pf8 e (e)

where¢ che  tf

FO iy —

h o ih i h —h —

Optimal analytical solutions

The conditions obtained from the KKT method are first-order optimization
functions. Table 3.7 presents the analytical functions to get optimal value son
all city road corridors: f, i and yw —. These analytical functions are
necessary conditions for the optimal solution. Although these necessary
conditions are not sufficient for optimality, all local minimum satisfies it. To
find the optimal solution is required to analyze the convexity of the problem.
In this case, the local function by a road corridor (ring or radial road) is
convex for non-negative solutions in the first and fourth quadrants of a plot.

Optimal analytical expressions of B i and wy — depend on @value. The
analysis supposes that if & ¢and @ o, the function is a quartic function ,
which is also a convex function. Specifically, the function is a compound
quadratic polynomial introducing achange of variableé 'Q , converting it
to a quadratic function. The solution has one solution and three non-valid
ones (negative and complex roots).
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3.3.5. Methodology for obtaining continuous solutions

Inequality systems

Equations 3.17(a) of the variablesn i (Equation 3.18) and y — (Equation
3.19) have three components. The first element shows the total cost density
of vehicles multiplied by a factor of congestion density. Second, it expresses
the total cost of two components: the sub-cost will represent the driver cost
crossng an intersection by a radial road and the cost of constructing and
maintaining a road. Third, the total cost density of drivers that leave their
origin and arrive at a destination point.

COapah_ Qg iR

-> O Qp 1h—0Y0———0+ — iQ—
Lo Sl 0 O ih—
P
-> O Qi ih—0YD Of e h o+ R IYiQ— (@)
) P . o
Lo iR-0Y G if-ovay ta—rkroi Ag  ARIT oy
T AR~ 0 g 1h—
[
=0Q; ih— i
e i B 3.18
%Nwwibﬁih— T80 i (b)( )
n i 0 i
Lo 1h— i
4L ) s
>l abdo ————— m 1 i
—vog Uﬁﬁjlh— (C)
FT >0 A% 0%® o
e oo
y%; m i (@)
§ U Yo A YN0 TR 1 Sure | .
> P o) Qi 1h—JY3 20— — Qi
. i 0 O fp ih—
P D O 1-0V0 o 5 - - ovda (@)
Ponm 15 v R s (% Qi 1h—3
L _ Znh @ T [
TOth— Q ih— JYay 2 Qi _ 3|ﬁrﬁ1®N - b
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Method of two phases

The solution to the system of inequalities gives the optimal solution. Similar
to the previous case, the iterative algorithm (Figure 3.11) gives solutions
when reaching convergence.

This method has two phases The first stage consists ofthe initialization of
variables in which a feasible solution uses the minimum value of each
variable, respectively: 0 v . Moreover, the algorithm creates a variable
that storesthe number of iterations (i). The secord stage is an iterative process
in which the model calculates the two decision variables. The process will
iterate while the solutions are feasible, and the error is higher than the
tolerance for each variable. The first sub-problem calculates the two vari ables
(n 1) for a set of ring corridor routes (i v m8®BY ) if there are feasible
solutions and first-order optimization conditions are satisfied. In the case of
radial services, the process is identical. After that, the variable will increase
by one unit. The convexity of the problem is analyzed. The algorithm will
stop when the error is less than the tolerance Finally, the algorithm will find
the optimal solution.

Algorithm: Solution of the  continuous traffic problem

Initialize 1 i v sy — O
for 1...¢

m« 0

O« 01 h—h h—xm

i=1
while (abs@y 1 ¢n i ) > tolerance or
abs(y —tuy —) > tolerance)
foreachi ¥ ma&®8Y do
n 1 « SystemOfEquation(sy —)
end for

foreach— 18 ¢“ do
W  — « SystemOfEquatior(§ i)
end for

i=i+1
end while
end for
%Dl VbW 1T wEOT OUPUT OWEEUI EwOOWUUEET UUDPYIT wexxUO

UOOY I WWENK U Ew O00UPBDIWED T U
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3.4. Discretization of continuous functions

The discretization of continuum results from the model allows the location of
corridors or routes and the transit service frequency.

3.4.1. Method for the system of inequalities

The method uses the inverse of optimal continuous functions (density
functions of circular or radial corridor routes) to calculate the area below the
i UOE UpP OO Fhe wigeretidatidn dfucontinuum results from the model

allows the corridor location , routes, and the transit service frequency. The
method proposed by Medina-Tapia et al. (2013) has its basis on the disk
model (Ouyang & Daganzo, 2006)

The second algorithm searches similar areas, i.e., the integral of an area gives
a unitary value or close to one. Figure 3.13 shows a density function ( o is a
blue line) that represent the inverse of the distance between circular routes
(i@ i), or the angle between radial routes (pj5 —). The x-axis represents the
distance of a corridor route in kilometers or radians. Moreover, the gray
zones symbolize the area below the density curve between the two following
thresholds. A blue point represents the position of the route at the point &,
in which each zone & is defined between &, and &, (red points).
Therefore, the position of @, , ®5and @, is obtained from a system of
inequalities for rings (Equation 3.20) and radial routes (Equation 3.21).

X2.i-1

Density of corridor routes
[route/Km]

[=]

§°(r) = 1/d°(r) R K r;l
§T(0) = 1/07(0) 27 [rad]

8(x) ={6°(r), 67(6)}

%Dl Wdb # PUEUI UPAEUDP OO WD G WHGEEHIOOW T OEwd
In the first stage of the discretization of a continuous density function § ),
the algorithm calculates the number of zones from the total area under the
density function. Second, each zone takes equidistant borders as a feasible

initial solution. Third, the set of inequalities for circular (Equation 3.20) and
radial (Equation 3.21) routes allow determining a discrete solution. The
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inequalities (a) and (b) have a slack or tolerance (), and inequality (c) is strict.
The solution is not unique.

° i\ 0i PO |
i [ , (&)
] | coP (a)
1 i o |G (3.20)
l = , w .
. cop (b)
Qmp . . . .
ILAZO 30 @p Q1 0} wg (C)
Qmo e
° , P .
1 —Q—=0p , 1 (@)
5 q
° Q pO I & 3.21
—Q— - s w .
. coP (b) (B21)
Qmp e Y 0 , , "
. IHNA (4]0 lh—OC—OQ (Qm Q—0 | Wq (C)
Q@o

3.4.2. Method of equivalent areas

The algorithm basesits processon Ouyang and Daganzoz U wE B U QUOE)OE T O
Medina (2011) and Medina-Tapia et al. (2013) The method also usesthe

inverse of optimal continuous functions (density functions of circular or

radial corridor routes) . The second algorithm finds equivalent areas with

unitary value or close to one.

Density of corridor routes
[route/KKm)

[=]

§6(r) = 1/d°(r)
57(8) = 1/07(8) 27 [rad]
6(x) ={6°(r), 67(8)}

%Dl Wdwd &UExWDEUT Ul OUWIENI®@IG CiE@idd WE OI8O U wWEUI EU

L
R [Km]

Figure 3.13 shows a density function (1 &) that could represent the distance
between circular corridor routes (@ i ) or the angle between radial corridor
routes (5 —). The xaxis represents the distance of a corridor line in
kilometers or radians. Moreover, the three gray zones in the plot symbolize
the area below the density curve. In some cases, the area is higher than one.
In other cases, the opposite situation happens. This processequires moving
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the border of a corridor until reaching the equi librium between all areas.
Within an area, between two borders of a corridor, a corridor route is located.
The specific location will be at a point between two borders in which the area

OOwl EET wUPET wOi wEWEOUUPEOUZUWOOEEUDPOOWI E

Algori thm: Discretization of a continuous function # e

Initialize
total_area:=. 1 0 Qw
Nr := round(total_area)
zona_list =ZoneCreatéNr)
for each zonal zona_list do
bordefzona)e :=if zona = 1then 0 else bordefzona-1)ie" end if
bordefzona)ie" :=if zona =N then L else bordefzona)e® + L/Nr end if
end for

i=1
while each AreaCalculatézone i zone_list) i (total_area/N: + tolerance)
for each zonal zona_list do
if AreaCalculatézona) > 1then
bordefzona)et :=bordefzona)et +D, D1 wa OOE wAwh
bordefzonayis" :=bordefzona)iht DO wWH I uNa OO E wAw
elseif AreaCalculatézona) < 1then
bordefzona)et :=bordefzona)t DO wH | wa OO E wAwh
bordefzonayiont :=bordetzona)io" +DO wH | uNa O O E wAw
end if
end for

i=i+1
end while
%Dl WawE O OUODWAwW I OEwdi wil @ WwEDWE®D UEWW BEIWBI4H Uu!
EOOUPOUOUUWEIBOUDPUaAwWI UOEUDOO

The algorithm in Figure 3.14 discretizes a continuous density function ( )
that can be the distance between circular corridor routes (o i ) or the angle
between radial corridor routes (5 —). In the first stage, the algorithm
calculates the total area under the density function and initializes the zone
number using a rounding function. After that, it creates a variable that stores
the created zones (zona_list). Each zone takes equidistant borders as a
feasible initial solution. In the second stage, the algorithm iterates to reach
the solution. Borders of a zone move away or approach each other. If the area
is higher than one, then the borders approach a distanceD each border. If the
area is less than onethen the borders move away from each other (D). Finally,
the algorithm will stop when the areas are equivalent, and these are close to
total_area/Nr plus a tolerance value.
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3.5.

70

Summary

The dissertation proposesmodels for concentric cities in which several cities
have an equivalent urban network in form and structure defined by ring and
radial routes/roads.

The non-homogeneous demand modeling used in this dissertation stands
out over traditional distributions approaching the real distribution of
demand for generic analyzes that become independent of aE B UparticUlan
network.

The proposed model for designing transportation networks can adapt to
non-homogeneously distributed demands, considering local demand
conditions.

Modeling a transit system considers the essential stages of a trip. Moreover,
the agency's costs also include relevant aspects such as capitaoperation,
and infrastructure. A relevant contribution is including the latter in the
model considering modal infrastructure costs (stations/stops) and linear
corridors (routes/roads).

Regarding traffic systems, it highlights the modeling of users' and agency
costs. Notably, it highlights the congestion modeling using a flow -delay
function.

Another contribution of this work is to obtain continuous outcomes through
an algorithm. This method speeds up the computation time compared to
optimization methods , including those implemented in any software.

The discretization of continuous outcomes over the city is yet another
significant contribution to this research. The proposal has a basis on two
methods: the former aims the optimization, and the latter generates a
heuristic that obtains results in reduced times.



Marcos MedinaTapia (2@1) Urban mobility network design

4. Infrastructure and urban

mobility

The chapter analyses the design of astrategic transportation network
applying the proposed methodology in a concentric city. The first part
focuses on population density, formulating standard demand scenarios
homogeneous, heterogeneous, monecentric, and multi -subcenters cities
Secondly, the dissertation evaluates the optimal characteristics for an
adequate design of urban networks (or their trade -offs) considering two
types of networks: transit and traffic systems. It is worth noting that the
analysis concentrates on the transportation functionality interaction with
elements of urban structure as primary transportation systems, central
business district, and subcenters.
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4.1. Scenarios of demand

The four proposed scenarios (Figure 4.1) have their basis on proposed
mathematical expressions formulated by Ouyang et al. (2014) homogeneous
city, heterogeneous city, mono-centric city, and multi -subcenters city.
Appendix C details the formulations and parameter values used in each
urban scenario.

- First, in a homogeneous city, each point of a city has a stable trip generation
and attraction density (_ih— and " ih— in Equations 3.2 and 3.3,
respectively). In this case, the rate is 1000 [user/kmz-h].

- Second, the heterogeneous city is the opposite caseto a homogeneous city
in which each point on a city has distinct densities of generation and
attraction of trips. This scenario came from a random selectionconcerning
the total number of generated/attracted trips.

- Third, the mono-centric city contains a central business district (CBD) that
generates and attracts more trips than the rest of the city.

- Finally, the case of themulti -subcenters city contains four subcenters. The
employment) closer to people who live in peripheral urban spaces? w
(Medina-Tapia, Robusté, & Estrada, 2020)

Figure 4.1 shows the distribution of generation and attraction of trips for each
urban scenario. The x-axis and y-axis represent the extension of a city
expressed in [km]. The model analyzes a city 30 kilometers in diameter ; the
city center is the point mit . The zaxis represents the demand density in

[user/km 2-h]. It is worth mentioning that the homogenous city is a baseline of
this investigation, comparing it with the non -homogeneous demand
scenarios. All scenarios have an equivalent number of generated and
attracted trips (= in Equation 3.1). How ever, the distribution of rates changes
throughout the city , keeping an average rate of 1,000 [user/kni-h].

Additionally , the analysis embraces the gradualness ofimplementing the

scenarios starting from the baseline, increasing the size of the CBD or
subcenters, respectvely. Figure 4.2 shows the gradual implementation of a

CBD from an area representing 5% of total trips to 25% of those. Similarly,

Figure 4.3 also shows a gradual implementation of multi -subcenters from 5%
to 25% of total trips as a scenario that includes anurban planning strategy . It

is worth noting that the scenario homogeneous (Figure 4.1(a) and (b)) is
before the two gradual processes of implementations: a CBD and multi-

subcenters presnted in Figure 4.2 and Figure 4.3.
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4.2. Transit network design

The modeling analyzes acircular city that has a radius of 'Y km in which the
rush hour 0 lasts "Yhours. A trip on transit has four stages: access, waiting,
in-vehicle travel, and transfer. This subchapter has a basis ona paper
(Medina-Tapia et al., 2021) and Appendix D explains it.

4.2.1. Demand density function sand parameters

Each stage of a trip has a demand formulation expressed as a density
function . It is worth remembering the modeling assumes that users choose
the shortest route between the origin and destination (Section 3.2.2). Equation
4.1 contains demand density functions.

"Q 1 h— OihHf h—1 a O 01 h—fih—i Q 0
Q ih— OihHf h—i Q O
p
Q ih— Oihh h—1 0 0 Oihh h—1 0 O
"Q i h— Oihhh—10— 10 0 Oi h—hh—1 Q 00— i
i B -y (4.1)
Oif-fifimio—1 09 0 Oi hififi-i ad - i 0
p
Q ih— OihAR G 19 0 OihAR QG 10 0
p
Oi hfifi—i O 0 Oi h-fi imi O O— 0
Q ih— Oi hh—1 00
Q ih— Oih-i h—i QO O—

These density functions allow calculating how many people access, wait,
travel, and transfer at eachcity point. Appendix B presentsthe all-or-nothing
assignment problem applied to a continuous space for ransit systems. This
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appendix contains a methodology presenting the formulations of d emand
density functions.

Homogeneous demand function

Demand depends on both the width of transit corridors and demand density
functions. This section analyzesan urban scenario in which the demand is
homogenous over acity, i.e., each pointof the city generates/attracts the same
density of trips. Figure 4.4 shows the density functions for a spatially
homogeneous city of 1,000 [user/km2#] of generated trips obtained from
Equations 4.1 and explained in Appendix B.

- In the first stage of a trip, the access density function in [user/km2g] comes
from the formulation presented in Equation 4.1 ("Q ih—). Figure 4.4(a)
shows a homogeneous surface at 2,000 [user/krigh], which depends on
generated and atracted trips (boarding and alighting of users) considering
both types of corridor routes.

- In the second stage of a trip,users wait for a ring or radial service. Equation
41 (Q ih—and"Q ih—) present the formulations to obtain the demand
density of passengers in [user/kmeé]. In Figure 4.4(b), the density Q ih—
increases closerto the city center becausethe probability of starting a trip
closes from the centerand finish it to the outside is higher around the center
than in the city periphery . The opposite happens inradial transit , where the
probability is higher in the periphery than in the city center ('Q ih—, Figure
4.4(c)).

- The third stage is the in-vehicle density surface ® O w & U U | considefing | ¢
the width (km) of a transit corridor of a n in-vehicle trip at each city point
(Q 1h—and 'Q i h—, Equation 4.1). The concentration of ring density is on
an intermediate ring between the center and outer ring ("Q i h—, Figure
4.4(d)) because the intermediate ring has more likely to receive more trips in
a scenario with homogeneous demand. Furthermore, radial trips increase in
points close to the city center becauseit joins trips from the same city side
and the opposite side (Q i h—, Figure 4.4(e)).

- Inthe last stage, he transfer density function ('Q i h—and "Q i h—, Equation
4.1) represents the density of users in [user/kmzg] who transfer between two
types of routes. The surfaceis similar in both types of services considering a
homogeneous demand (Figure 4.4(f) and (g)) because the density functions
are equivalent if a user transfers from aring to aradial service or vice versa.

Therefore, the exhibits in Figure 4.4 show that if the generated and attracted
demand rate is a fixed value, the demand at each stage ofa trip is not
constant.
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Non-homogeneous demandfunction s

The non-homogeneous demand density functions come from the three
scenarios presented in Section 4.1 (p. 72). The demand varies over the city:
heterogeneous mono-centric, and multi -subcenters cities considering an
average density rate of 1,000 [user/km?g] for a transit network.

Heterogeneous city scenaribhe trip density of generation and attraction
randomly varies at each city point. Figure 4.5 shows demand density
functions for each stage of a tip in this urban case. The demand densities
have a similar macro-structure compared to the homogeneous case,
although local conditions change at each city point of the urban region, and
the magnitude of in-vehicle densities are more significant for this case
(Figure 4.5(d) and (e)).

Mono-centric city scenarioThe case has a central business district (CBD),
which concentrates more trips than the rest of the city. Figure 4.6 shows
demand density fun ctions for each stage of a trip in which the center of the
city concentrates the accessdensity of trips (Figure 4.6(a)). The center
concentrates the waiting demand for circular services, while the outer of the
city concentrates this demand for radial services (Figure 4.6(b) and (c)).
Secondly, the intermediate ring zone concentrates in-vehicle trips of circular
services (Figure 4.6(d)), while the radial density increases to the city center,
but the density is more significant ( Figure 4.6(e)) than the case of a
homogeneous city (Figure 4.4(e), p. 78). Finally, the transfer density
functions rise at the city center (Figure 4.6(f) and (g)), although it is slightly
higher in the case of circular services.

Multi -subcenters city scenaridhe urban case has four subcenters inwhich
trip densities around subcenters aremore significant than the rest of the city
points. Figure 4.7 shows demand density functions for each stage of a trip.
For this reason, the subcenters cortentrate the access densities Kigure
4.7(a)). The waiting density for circular services increases closer to the city
center, but the maximum concentration is in subcenters and their vicinity
(Figure 4.7(b)). The opposite happens in radial services where the periphery
has high levels of density, but the maximum values are also near the
subcenters Figure 4.7(c)). The concentration of in-vehicle trip den sities on
ring services are on the intermediate zone(Figure 4.7(d)). On the other hand,
in-vehicle trip densities on radial services have a significant concentration
on radial services where lie the subcenters Figure 4.7(e)). The transfer
demand densities are significant near the subcenters for circular and radial
services Figure 4.7(f) and (g)).
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Parameters

The modeling analyzes a concentric city with a radius of 15 km (YY),
considering the rush hour lasts 1.5 hours (Y. Table 4.1 presents the list of
transit operation parameters for each modal case. It is worth noting each
stage of a trip depends on the time perception factor:| ,1 ,r, and] (TRB,

2013)

SEEGw / EUEOINOWOWE Owl EET wOUBOUDPUWOOEEC

Parameter HRT LRT BRT
Y [h] 15
| [dimensionless] 2.2
1 [dimensionless] 2.1
r [dimensionless] 1.0
1 [dimensionless] 25
0 i [km/h] VI o8t p&8¢Jd
] [km/h] 80 60 50
V] [km/h] 3.0
" [h/station] 0.0053 0.0034 0.0026
(19.2 [s/station])  (12.2 [s/station]) (9.3 [s/station])
t [h/station] 0'001.4 0'001.4 0'002.8
(5 [s/station]) (5 [s/station]) (10[s/station])
¥ [h/station] 0.0097 0.0083 0.0069
(35 [s/station]) (30 [s/station]) (25 [s/station])
T [h/station] 0 ) 0'0167. 0'016?
(O [s/station]) (60 [s/station]) (60 [s/station])
" [histation] 0.011? 0.0333. 0.0488 _
(42.1[s/station]) (119.7[s/station]) (175.62[s/station])
o [h] O._l O..l 0.0§67
(6 [min]) (6 [min]) (4 [min])
[km] 0.04 0.08 0.08
— [shift /veh] 1 1 1

Considering the accessibility, the model assumes that speed linearly
increases from the city center to the periphery. At the city center, the speed
will be 3.0 [km/h], which is about 83 [cm/s]. At the outer line, the speed will
be 25 [km/h] because the user could takea feeder bus or another vehicle.
Therefore, the access speed funton is 0 i o8t ¢ ¢p .

Concerning operation parameters, the cruising speed (b ) depends on the
type of vehicles, whose values come from TRB (2013) At a station, 1 is the
average time lost by deceleration and acceleration is based on TRB(2013)
The average fixed dead time and the minimum stopping time at a station use
standard values.
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Parameter HRT LRT BRT

@ [m/s?] 1.3 1.0 0.8

() [m/s?] 1.3 1.3 1.0
t [h/station] 0.0053 0.0034 0.0026
(29.2 [s]) (2.2 [s]) (9.3 ]3]

According to transit infrastructure costs, the fixed costs come from the
Australian technical report ATC (2006)for linear and nodal infrastructures.
The analysis assumes the variable costs are 1% of the fixed costs.

3EEMB w 3 UE OQiDWEWDU UAHEWHEIWEHuwi EWWODED I0HWO Guu 3 " w

@l Yot K
Unitary cost HRT LRT BRT
. Z3¥00&UO!I 245.1 169.6 141.3
. [$kmg OUND T . b
. [SUUEUDOD ¥ 169.9 8.3 1.6
. [$/U U E 0D Ol ¢ « b

The next table presentsthe list of unitary cost parameters used for modeling.
The value of travel time takes an expected value, while the rest of the
parametersrely on ATC (2006)

SEORK 4 OPUEUWOEBO0E] OwE wlEEDD ERUGEpSBIOAud w

Unitary cost HRT LRT BRT
z3xU0pI U 10
. [$/vehd ] 135.6 838 385
. [$/shiftgh] 27 25 23
. [$vehgO O ¢ UD L 3.7 2.6 1.6
. [$/kmd) O VD] ¢ 248.8 172.1 143.4
. [SUUEUDOD ¥ 172.4 8.4 1.6

thresholds 0 and 0 come from ATC (2006) but 0 was calculated using
the acceleration and deceleration to reach the cruising speed.

84



Infrastructure and urban mobility

BEEGB w 11 UOUDPEUD O QOOWIWDIOETEO® B Gygd uydy3t " Au

Unitary cost HRT LRT BRT
0 [user/veh] 750 190 101
0 [km/route] 0.481 0.171 0.079
o [hiveh] 0.0342 0.0328 0.0167
(123 [seq]) (118 [seq]) (60 [seq])

Finally, in these applied cases,the modeling assumes that long-term urban
changeswould not affect the structure of unitary costs.

4.2.2. Spatially homogeneous demand case

Feasible and gptimal solutions

For a homogeneous demand city, Figure 4.8 shows the feasible regions
defined by the condraints of the model for the radius 7.5 [km], and the exhibit
(b) shows it for the angle w[rad], for each transit technology: HRT (green
area), LRT plue area), and BRT (ed area).

- First, rings and radial routes have equivalent minimum constraints shown
in Equations 3.8(d-g) (p. 49). Second, occupancy is not stable at eachcity
point due to demand density travel ing on a vehicle varies over the city. If
demand density changes, an iso-capacity curve will also change at a
different radius.

- Demand density for radial routes is higher than for ring routes, shown in
Section 4.2.1 Therefore, the iso-capacity curve is more restrictive in radial
routes than in rings in which t he latter is more significant for the three
technologies. Even the caseof Figure 4.8(a) has overlapping areas among
transit technologies, but the technologies cannot cover all solution spacein
the caseFigure 4.8(b).
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Figure 4.9 shows optimal solutions describing a curve for each technological
type. Using the spatial, temporary, and capacity constraints (Section3.2.4 p.
48), the exhibits present iso-capacity curves at different radius due to the
variation of demand density. Figure 4.9(a) shows the curve of optimal
solutions for rings considering several radii . The generation and attraction
rates are constant throughout the city. Nevertheless demand densities vary
regarding radii (Figure 4.4); then, solutions for ring routes vary according to

the radius (Figure 4.9(a)). On the other hand, Figure 4.9(b) shows the optimal
solutions for a radial route at the angle p considering the solution does not
changefor any angle.

- For ring routes (Figure 4.9(a)), feasible regions are more significant at the
city extremes thanin the intermediate zone, being the most demanded. The
temporary constraints are active from the city centerto 11 or12 km of radius.
In the outskirts, spatial distributions are more significant for HRT, LRT, and
BRT| in this order| than at the city center, considering even less frequency
(headways rise to the periphery).

- For radial routes (Figure 4.9(b)), optimal solutions are stable for all angles,
opposite to ring routes. HRT systems activate both minimum spatial and
temporary constraints. Whereas the solutions of LRTs and BRTsactive the
maximum occupancy and minimum headway constraints.

- Two exceptional cases inFigure 4.9(a) show the effects of the active capacity
constraints for LRT and BRT. For an LRT (Figure 4.9(c)), the temporary and
capacity constraints are active within 5 and 12 km due to the high density at
the intermediate zone, increasing ring route densities in this zone. For aBRT
(Figure 4.9(d)), both constraints are also active between 5 and 12 km After
that, only the iso-capacity constraint is active around 12.5 km of radius.
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Consequently, the density of rings and headways will increase its value if the
radius increases toward the city outer. Therefore, a concentric city must
bolster transit rings in the periphery.

Figure 4.10 shows feasible regions from 500 to 3,500 [user/kmh] obtained
from the network design problem , considering the constraints for each transit
technology: HRT, LRT, and BRT.
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Three types of lines form feasible regions in Figure 4.10: dotted lines
represent iso-capacity curves obtained from vehicle capacity constraints
(Equations 3.8(b) and (c), p. 49), dashed lines represent spatial constaints
(Equations 3.8(d) and (e), p. 49), and dash-dot lines represent minimum time
headways (Equations 3.8(f) and (g), p. 49). It is worth noting that t he iso-
capacity curves in which the capacity constraint is active. Thus, the dotted
lines depend on demand, i.e., if the demand increases the feasible region
decreases in size.

- For ring routes, if demand increases, the implementation of BRTs reaches
the optimum with high frequencies, and corridors are close to each other
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However, an HRT system has animplement ation with less frequency, and
the distance is higher from each other than BRT and LRT systems if the
capacity reaches road saturation.

- Forradial routes, the user demand is higher, sooptimal solutions have more
differences than in the previous case.The constraints are active in almost all
cases, so the temporary and capacity constraints & active over 1,000
[user/lkm2:h] for LRT and BRT systems. In HRT systems, temporary and
spatial constraints are active over 1,000[user/km 2-h].

- Red dotted lines represent iso-capacity constraints when these lines are
smaller than the minimum distance and headway: the system will be
unfeasible, at least one of the tworoute types, frequently radial routes. Thus,
the maximum feasible demand is 2,000 [user/knigh] for HRTs, 1,500
[user/km 2¢h] for LRTs, and 3,000 [user/knegh] for BRTs. The analysis gives a
paradox for a homogeneous distribution scheme in which the bus at a BRT
has less individual capacity but offers greater capacity for the system.

Considering the above, the minimum distance between vehicles for HRT
systemsis significant in the network design; on the contrary, this restriction
prevents it from reaching higher demand levels. On the other hand, adding
oversized vehicles in atransit system (higher capacity of buses or tramways)
will be able to feasible areas nore significant for BRTs and LRTs.

In Figure 4.11, lines representthe density of corridors considering different
levels of demand for a circular city w ith ahomogeneous trip distribution and,
points represent the discrete location obtained from the algorithm presented
in Section 3.4 (p. 67). Moreover, levels of demand progressively increase,
resizing the feasible space for solutions explained previously.

- Figure 4.11(a) shows that optimal density curves are continuous without
breaks becausethe constraints are no active, asshown in Figure 4.10(a).
Figure 4.11(b) shows the same density for cities over D1000 [user/km?-h],
although the occupancy also increases, reducing the available capacity of
eachsubway car.
- Figure 4.11(c) and (e) show the activation of temporary and capacity
constraints around the intermediate UD O1T wa OOl 6 w3 T UUOw+ 137z UwE
density of D1000 [user/km2-h] show the consequences eplained previously.
- Inradial densities, route density increases rapidly if the city's homogeneous
demand also increases.
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Effects of transit operation on infrastructure

The exhibits of Figure 4.12 allow analyzing the system costs considering the
three transit technologies.

- Figure 4.12(a) shows the behavior of the total, user, and agency costs
regarding levels of demand increasing progressively and considering the
system feasibility. HRT has a lower total costthan other technologies.

- Figure 4.12(b) represents the average cost by a user in which the green curve
(HRT) decreases concerning the demand. The BRT system reaches the
minimal values at approximately 500 [user/km 2#h]; after that, the average
cost increase showing the lowest economic efficiency.
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- Figure 4.12(c) represents the agency cost divided by users; it could represent
atransit fare. BRT is mae attractive for low and super -high demand levels
if this type is unique feasible. LRT is less expensivef the density is less than
1,000 [user/knedh]. Finally, HRT is the most expensive in low demand levels.
However , this is the besttechnology between 1,000 and 2,000 [user/krg].
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Figure 4.13 shows some demand effects on transit operation (Figure 4.13(a)
HRT, (b) LRT, and (c) BRT) and infrastructure considering different demand
levels. The color of lines represents each label on the yaxis.

- The transit occupancy increases ifdemand densities also increase However,
only the HRT system does not reach the maximum capacity.

- LRT and BRT systems reach the saturation quickly if demand exceeds 1,000
[user/km 2d].

- The travel time decreases whether the demand increases in the case of HRT
because the infrastructure increases as well. For LRT and BRBystems, the
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travel time decreases to reat a minimal value (500 [user/km2d]); after that,
the systems are inefficient.
4.2.3. Non-homogeneous demand systems

The dissertation analyzesfour scenarios of demand distribution for a city that
generates1,000 [user/kn?gh] presented in Section4.1(Hm, Ht, Mn, and Ms).

1.6 T T T T T

4~ He He

Cost [EE/Pm]
> % 5

0.4

Hm  Ht Mn Ms Hm  Ht Mn Ms Hm  Ht Mn Ms

HRT LRT BRT
%Db1 EWE " OUDDWE OUP U wUE 60 0OH B IEIIBIEEEO wU BIWOEUDP OV W
EWEPUawbDUI ugudYYYwegUUI Ur 0O

Figure 4.14 compares the total cost for each urban scenario and transit
technology in which the following points are the main outcomes:

- The implementation of HRT systems presents the least cost ofall types of
cities. A homogeneous city (Hm) is the besturban alternative for almost all
types of technologies. This result seems to be logical due toHm reduces the
saturation and costs due to the concentration of usersat any city point.

- An Mn city generates a reduction of costs from 55% for HRTs to 8.6% for
BRTsregarding a Ht city. However, Ms cities reducethe costs from 6.9% for
HRTs to 11.6% for BRTsregarding a Ht city. The muti-subcenters city for
HRTs provides the best reduction of costs, around 45.1% regarding the
worst-case @ BRT for aHt city).

- The previous conclusion contrasts against the Ht case that has the highest
total costs. The best alternative isimplementing subcenters (Ms)becausethe
latter has an equivalent total cost to a homogeneous city.
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The results shows the importance of CBD and subcenters depends on the size
of these. Figure 4.15 compares the four urban scenarios presented in Section

4.1 (Ht, Hm, Mn, and Ms) in which the two latter progressively increase the

demand from 5% (1.05x) to 25% (1.25x) of the@otal number of trips.

- Total cosiFigure 4.15(a)): The total cost of a monocentric city increases if the
size of the CBD also increases considering the total number of trips ; and
otherwise, the total cost of a multi-subcenters city decreases if the subcenters
size increases. Even the cost is less than at a homogeneously distributed city,
reducing 0.6% for an HRT system.

- Agency cost by user@igure 4.15(b)): This analysis makes sure a system
economically sustainable. First, a Hm city reduces costs forall technologies
in comparison to a Ht case. Second, the implementation of snall subcenters
(less than 25% of total trips) generates similar levels of costs in comparison
to the homogeneous case. Even in HRTSs, the subcenters structure improves
the system better than the homogeneous case, reducing the cost by0.5%
concerning the most idealized case.

If multi -subcenters grow up due to the generation/attraction of trips, the cost
reduces regarding a monocertric demand structure. Therefore, a
decentralized city is more effective than policies that seek the concentration
of equipment and services at specific points in a city.

Effects on urban structure and frequency
Each scenario of demand (Hm, Ht, Mn, and Ms) requires a specific structure

of transit. Figure 4.16 shows the optimal solutions according to both the
transit technologies and the urban scenarios
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Each exhibit in Figure 4.16 has two elements: the above exhibit contains the
continuous optimal solutions, and the below exhibit contains discrete
solutions: transit route locations. In the above exhibit, blue lines represent the
optimal density of rings in [corridor/km] and radial routes in [corridor/rad];

orange lines represent theoptimal headways along a transit corridor. In the
bottom exhibit, blue points represent the discrete location of corridors using
the discretization process (Section3.4), including the corridor number n ext to
the right axis.
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For HRTSs, ring routes in Figure 4.16(a) for a homogeneous demand city
(solid lines) has a homogeneous distribution of corridors at t he intermediate
zone (about 0.5[corridor/km]). However, the density de creases to the city
center tending to zero and increases towards the periphery (about 0.8

[corridor/km],

almost double than the intermediate zone). The headway

reaches the minimum headway (2.05 [min/veh]) and rapidly rise s towards

([an)
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the city center and the periphery. In an Mn scenario (d ash-dot lines), the
central area concentrates ring routes requiring one more ring and reducing
the density to the city outer. Ms reachesas ring corridors as the Hm scenario
for all technologies. For radial routes, Figure 4.16(b) shows a uniform
distribution for all urban cases. The radial density reaches the minimum
distance between routes @.158[corridor/rad]) and the min imum headway
(2.052 [min/veh]) without saving infrastru cture (all scenarios have the same
number of radials).

- For LRTs, the saturation of the vehicle capacity causes an alteration of the
ring density in the intermediate zone of the city (Figure 4.16(c)). TheMn case
is the least affected scenario because it reduces the demand in this area
increasing the demand towards the city center: the Hm case has asings as
the Mn and Ms. However, the Ht case requires one more ring regarding
other urban scenarios. In radial routes (Figure 4.16(d)), Hm and Mn have a
uniform distribution of route densities. On the other hand, Ms has abetter
distribut ion of the demand and allows grouping the infrastructure offer
making it more efficient .

- For BRTs, inFigure 4.16(e) and (f), the system hassimilar route densities for
rings compared to the LRT system, but radials are less than the previous
case. Moreover, he headways are smaller than the headways of LRTs.

Analysis of transit occupation and travel time

Figure 4.17 shows the location of transit corridors considering a multi -
subcenters demand structure. The discretization algorithm presented in
Section 3.4 (p. 67) gives the transit route location. Moreover, the transit
network lin ks contain the saturation level using a color ramp from 0to 1. In
saturation, the occupancyreaches the maximum capacity.

Optimal urban structure and occupation index: 1000 [userfkm?-h] Optimal urban structure and occupation index: 1000 [user/km® h Optimal urban structure and occupation index: 1000 [userfkm?-h]

(@) HRT (b) LRT (c) BRT
%D1 s 2EVVVUEUPOOaoE®lOD O WwiliOdE B w BHud WdwE o U
EEDI

In Figure 4.18, the bars show the percentage of trips classified in time
intervals. Each interval of the color ramp repr esents trips lasting 15 minutes.
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The barsin Figure 4.18 compare the travel time among urban scenarios for
three transit technologies: Ht, Hm, and the progressive increment of Ms from
5% to 25% of tripswith respect to the total number of these.

- HRT is the only system with trips lasting less than 15 minutes, while the
most extended trips last less than 45 minutes.

- LRT increases the travel timecompared to HRTs in which longer trips take
between 75 and 90 minutes for theHt scenario, although the impl ementation
of subcenters reduces them even more.

- BRT has the worst performance considering travel time because the
maximum travel time exceeds 90 minutes. However, a homogeneous
distribution also reduces the duration of trips. However, the
implementation o f subcenters improves travel times.

The improvements due to the implementation of subcenters are observable
for all technologies, even in HRTs. However, t his problem is most significant

in a BRT system, considering the analyzed urban strategies do not eliminate
times higher than 90 min.

4.2.4. Sensitivity analysis

One of the main parameters is thetravel time value per average user(* ). For
this reason, the section analyzes the effects ofhe value of time on the optimal
solutions for rings and radial routes and the effects on the total cost of the
systems considering the three analyzed technologies: HRT, LRT, and BRT.

The next two figures (Figure 4.19 and Figure 4.20) show how the variability

of three different scenarios of values of time (* ¥ phip T3 vy UUfolUg 1 ¢ A
optimal solutions of ring sand radial routes of a homogeneous concentric city

of 1,000 [user/kn?-h], considering HRT, LRT, and BRT technologies
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Each xaxis of each inhibit of Figure 4.19is the distance between rings, i.e.,
the spatial decision variable of the problem (‘Q i x& in [km/route] ), for the
radius 7.5 [km] of the circular city . Similarly, each x-axis in Figure 4.20is the
angle between radial routes (5 — * in [rad/route]) at an angle of“ [rad]).
Each y-axis of inhibits is the headway between vehicles, i.e., the headway
between vehicles (‘@i x& for rings and Q@ — * for radial routes in
[h/veh]). The red lines of those exhibits represent the constraints:the capacity
constraint (Equation 3.8(b)-(c)), the minimum distance between stations
(Equation 3.8(d)-(e)), and the minimum headway between vehicles (Equation
3.8(f)-(g9)). The gray hatched areaamong the three red constraints defines the
feasible region of solutions. Iso-lines in color gradient represent the total cost
obtained from the objective function in which the black point is the optimal
solution for a scenario that considers aspe® | PEwUIl ET OOO0OT a wEOE wU
of time in the concentric city.

For HRT systems, if the value of time takes low rates as in developing
countries, subways cars will travel close to maximum capacity, as shown in
Figure 4.19(a) and Figure 4.20(a). On the other hand, if the value of time
increasesto 50r10Z 3 v UUH UgB GwET YI OOx1 EWEOUMUUDI UOL
make vehicles travel empties (lower demand) and frequencies increase as
well (Figure 4.19(b)-(c) and Figure 4.20(b)-(c)). For LRT and BRT systems
absence of constaints. In this case, two constraints are active (the minimum
headway and capacity constraint), locating optimal solutions on the
intersection of those constraints (Figure 4.19(d)-(i) and Figure 4.20(d)-(i)). By
the way, the optimal results of a low travel time valu e are above the
frequency constraint. The latter changes becausethe optimal solution
approaches the minimum headway constraint if the travel time value
increases.

4.2.5. Analysis

The proposed model for designing public transportation networks canadapt
to non-homogeneously distributed demands, considering the local demand
conditions over a city. The model is valid even in modeling scenarios where
the generation/attraction rates are stable over the city because the density of
trips is not homogeneous for the other three travel stages: waiting, in-vehicle
trip, and transferring of users. For this reason, average demand values (i.e., a
homogeneous distribution) will tend to underestimate real infrastructure
needs where issues will increase when considering other demand
distributions.
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The feasibility of implementing a transit technology depends on the
occupancy and operating constraints; therefore, the capacity of the
technology is a critical parameter for the feasibility of a transit system. LRT
and BRT systems have imited feasible spaces for radial corridors because
their capacity is less than for an HRT. Moreover, some solutions for radial
routes are not feasible for any of the three technologies analyzed in this
dissertation instead of the ring routes that have an overlap of feasible areas.

The total costs obtained from the model show that LRT systems are only
competitive for low levels of demand, and BRTs are competitive for high
levels of demand if HRTs are not feasible. The results d1iange considering the
agency-by-user costsbecauseHRTs are competitive for intermediate demand
densities (between 1,000 and 2,000 [user/kr]). On the other hand, an HRT
system has a shorter average travel time if demand increases. LRTs and BRTs
have become increasingly inefficient in these cases. Moreover, LRTs and
BRTs rapidly saturate the capacity of vehicles if demand also increases, and
infrastructure needs simultaneously increase in all cases.

In a homogeneous distribution , the distance between ring routes increases
from the center to the periphery, although the transit frequency is less toward
the periphery. Vehicle capacity constraints force the concentration of routes
when travel density exceeds 500 [user/kn¥?]. The intermediate zone
concentrates routes in terms of ring routes, while the radial ro ute needsare
in all zones. Therefore, these areas require a greater concentration of
infrastructure or vehicles with greater capacity. Thus, the periphery requires
an efficient system of feeder vehicles andradial transit systems.

The urban case with homogeneous demand is an idealized case. Urban cases
with a monocentric or heterogeneous structure approach real structures but
have higher total cost levels. The decentralized urban case that incorporates
multi -subcenters reducescosts even equivalent to a homogeneous demand
distribution. The effectiveness of subcenters depends on the size of these
reducing costs and improvements in travel time. Regardin g agency costs per
user, if multi -subcenters increasetheir size, the cost reduction achieved the
best levels for HRTs. However, the most significant percentage reductions
give BRT and LRT systems. Thus, the multi -subcenters can even show better
results than the idealized case in which the trips have a perfectly
homogeneous distribution. Therefore, the generation of subcenters can
become an attractive strategy for urban development.
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4.3. Traffic network design

The modeling analyzes acircular city of 15 km of the radius (Y), and its rush
hour lasts 1.5 hours (Y. The traffic network model assumes atrip has three
stages:accessng to the nearest primary road,? U1 T U O BtJavehitle, Brel
arriving at the trip destination, which includes the parking stage . The model
can model different types of roads and vehicles as shown Medina and
Robusté(2019b) analyzing two types of vehicles (connected and autonomous
vehicles) and types of roads (freeways and arterial roads). However, this
subchapter focuses ona specific case:conventional cars (manual vehicles)
only traveling on freeways.

4.3.1. Demand density function sand parameters

The demand formulation s come from density functions estimated for each
stage of a private trip.

QiR OihAh—1Q O
p

Q ih— OifH -1 Q 0— OifH -1 Q O—
QiR OihfhR—i10— 10 0 Oi hHih—1 0 00— 10—

Oiffifi—i10—1 a0 0 OihHik—i Q 0— 10—

o (42)
G ih— OiRARh-—0 10 0 OiRAh-—0 10q 0
p

OihHfh—1 0 0 a OihHh—1 0 0 a

QiR Oi hHih—i Q O—
P

Qi Oi hHh—1 Q O O hHih—1 Q O—

Equation 4.2 contains demand density functions, whose explanation is in
Appendix B. It is worth noting that the trip assignment assumes a
incremental assignment in a continuous space.Section 3.3.2(p. 58) explains
the method.
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Homogeneous demandfunction

Demand depends on both the width of road corridors and density functions.
The demand density functions for a homogenous city generates andattracts
the same density of trips in each point. However, the demand at each stage
of a trip is not homogeneous over this city.

Figure 4.21 and Figure 4.22 show the density functions for a spatially
homogeneous city of 1,000 yeh/km?2#] of generated trips obtained from
Equations 4.2 (Appendix B). Firstly, Figure 4.21 shows demand density
functions considering the all-or-nothing assignment method, which does not
consider congestion. Secondly, Figure 4.22 presents the results of the
incremental assignment method in which the assignment is progressive,
considering increments in percentages:{50%, 25%, 15%, 5%, 3%, 2%}.

- In the first stage of a trip, the access density function in [veh/km 2] for the
all-or-nothing assignment method comes from the formulation presented in
Equation 4.2. Figure 4.21(a) and (b) show the access demand densities for
circular and radial roads in [veh/km2h]. Figure 4.22(a) and (b) show the
access demand densities for circular and radial roads in [veh/km2dh],
considering the incremental assignment method.

- The second stage presents regular trip density surfaces in [vehy OO ¢ | ¢ w
considering the width , in kilometers, of a traffic corridor at each city point
(Equation 4.2). Figure 4.21(c) and (d) show the access demand densities for
rings and radial roads in [vehy O (g¢donsidering the all-or-nothing
assignment. In this first case, the concentration of ring density is on the
intermediate zone between the center and outer ring (Figure 4.21(c)),
considering the intermediate ring has more likely to receive more trips in a
scenario with homogeneous demand. Otherwise, radial trips increase in
points close to the city center becauseit joins trips from the same city side
and the opposite side (Figure 4.21(d)). Figure 4.22(c) and (d) show the access
demand densities for circular and radial roads in [vehy O O gcbngidering
the incremental assignment method. In this case, the intermediate ring
density decreasesaugmenting trips on ring roads at the periphery . On the
other hand, for radial ro utes, trip density around the city center decreases
regarding the first assignment method.

- Inthe third stage, thearriving density function ( Equation 4.2) represents the
user density, in [veh/km 2], who arrive at the destination. The surfacein
Figure 4.21(c) and (d) show the arriving demand densities for rings and
radial radials in [veh/km2#h] considering the all-or-nothing assignment.
Figure 4.22(c) and (d) show the arriving demand densities for rings and
radial sin [veh/km 2], considering the incremental assignment method.
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Non-homogeneous demand function

The demand density functions come from the three scenarios presented in
Section4.1(p. 72) in which the demand varies over the city as in the case ofa
transit system: heterogeneous, nono-centric, and multi -subcenters cities,
considering a density rate of 1,000 [user/knéh] for a traffic network.

- Heterogeneous city scenarla this case, he trip density of generation and
attraction randomly varies at each point of the city. Figure 4.23 contains
demand density functions for each stage of a trip in this urban case
considering the all-or-nothing assignment method . After that, Figure 4.24
presents the demand density function obtained from the incremental
assignment method. The demand densities also have a similar macro-
structure compared to the previous case, although local conditions change
at each point, modifying the regular structure of the homogeneous case
(Figure 4.24(c) and (d)).

- Mono-centric city scenariol he central business district (CBD)of this scenario
concentrates more trips than the rest of the city. Figure 4.25 shows demand
density functions for each stage of a trip considering the all-or-nothing
assignment method. On the other hand, Figure 4.26 presents the results of
the assignment using the incremental method. The second case decreases
the peak points. Notably, the incremental assignment reducesthe maximum
values of trips on radial routes around the city center becauseusers choos
shorter travel time trips .

- Multi -subcenters city scenari@he urban case has four subcenters in which
trip densities around subcenters are more significant than the rest of the city
points. Figure 4.27 shows demand density functions for each stage of a trip
obtained from the all -or-nothing assignment method. Meanwhile, Figure
4.28 shows the demand density obtained from the incremental assignment
method. The in-vehicle trip densities on circular services are in the
intermediate zone. On the other hand, in-vehicle trip densities on radial
services have a significant concentration on radial services where lie the
subcenters although the second assignment reduces the maximum values
around subcenters.
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