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ABSTRACT

Taxis are a necessary mean of transport in cities for meeting the mobility needs of its
citizens. The impact of the taxi market in the daily life is quite important, concerning
both financial (e.g. taxi drivers’ salaries) and societal issues (e.g congestion, travel
demand satisfaction). Therefore, it is crucial to develop models and tools in an effort
to help decision makers control the taxi market and meet the customers’
requirements for an adequate level of service. In this direction, various
methodologies have been developed aiming at quantifying the impacts and
evaluating the performance of the taxi sector, initially from an aggregated and
economic equilibrium perspective and recently from an operational and more
realistic one.

The main objective of this thesis is to develop models that analyze the provision of
taxi services, emphasizing on the optimal number of taxis that are in order to
provide a reasonable waiting time for customers and assure a minimum profitability
to the taxi drivers. For this purpose, two models are developed, an analytical
economic one and an agent-based simulation one. The first model is able to analyze
the taxi market in a macroscopic way, using average values for the taxi drivers’ cost
and performance in the area of study for obtaining the optimum number of taxis for
achieving the minimum unitary system cost and the related waiting time to this
optimum fleet. The second model is able to analyze the operational characteristics of
the taxi sector in detail, simulating taxi trips in a road network and recording all the
performance indicators related to the operational efficiency of the sector. Observed
data from the city of Barcelona are used for calibrating the developed models and
obtaining the results of their application to the city of Barcelona.

The developed models perfectly complement each other. Their combination can
prove to be a valuable tool for decision makers when analyzing the performance of
the taxi sector or when meeting policy related decisions. At the same time, local
operation issues can be analyzed in detail when designing taxi policy related issues
since all actors are included within the models and can be taken into account when
optimizing this performance. The models are used for analyzing the impact of pricing
policies in the taxi market, evaluating the demand for taxi trips related to various
fare levels and fleet sizes. Policy issues related to the taxi shifts are also taken into
account through the development of an optimization problem for matching the
optimum supply levels to the ones provided by a shift-based taxi policy, which is the
most common around the world.

Optimum ranges of demand are obtained for the hailing, the dispatching and the
stand operation modes. Dispatching mode appears to be more efficient at low
demand levels, while the hailing mode present lower unitary costs for high demand
levels. Aggregated models tend to underestimate the costs of both the customers
and the system between 15% and 30% if the demand distribution is uniform. For
non-uniform demands, the aggregated models overestimate costs between 20% and
300%, depending on the GINI value of the demand distribution.
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RESUM

Els taxis s6n un mode de transport necessari per satisfer les necessitats de la
poblacié relacionades amb la mobilitat. L'impacte del mercat del taxi a la vida
quotidiana és molt important, tant des del punt de vista economic (per exemple, els
salaris dels taxistes) com social (per exemple, la congestid o la satisfaccio de la
demanda de desplacaments). S’han desenvolupat diversos models amb I'objectiu de
guantificar els impactes i avaluar el rendiment del sector del taxi, inicialment des
d'un punt de vista agregat i economic i, recentment, des d'un punt de vista
operacional i més realista.

L'objectiu principal d'aquesta tesi és el de desenvolupar models d’estudi dels serveis
oferts pel sector del taxi, fent emfasi en el dimensionament de la flota optima de
taxis necessaria per satisfer la demanda oferint un temps d’espera raonable per als
clients i assegurant al mateix temps una minima rendibilitat als taxistes. Per a aquest
proposit, s'han desenvolupat dos models, un economic analitic i un de simulacié
basada en agents. El primer model és capa¢ d'analitzar el mercat dels taxis des d'un
punt de vista macroscopic mitjancant I'Us de valors mitjans representatius de tota la
regid per obtenir el nombre Optim de taxis que satisfara les necessitats de la
poblaci6 amb uns costos unitaris minims, obtenint també el temps d'espera
relacionat a aquesta flota optima. El segon model és capa¢ de reproduir les
caracteristiques operacionals del sector del taxi en detall, simulant viatges en taxi a
la xarxa viaria i enregistrant tots els indicadors de rendiment relacionats amb
I'eficiencia operacional del sector del taxi. S'utilitzen dades reals de la ciutat de
Barcelona per al calibratge dels models proposats i per a I'obtencid dels resultats de
I'aplicacié d’ambdds models al sector del taxi de la ciutat de Barcelona.

Els dos models desenvolupats es complementen perfectament, la seva combinacié
pot ser una eina valuosa per als responsables de la regulacié del sector del taxi, ja
que els permetra analitzar els serveis del taxi i prendre les decisions correctes per
millorar els servies oferts. Al mateix temps, els problemes operacionals poden ser
analitzats en detall durant la fase de disseny de la politica de taxis, ja que tots els
actors estan inclosos dins dels models i es tenen en compte alhora d'optimitzar el
rendiment del sector del taxi. Els models s'utilitzen per analitzar l'impacte de les
politiques tarifaries en el mercat del taxi. També es te en compte la politica de torns,
per la qual s’ha plantejat un problema d'optimitzacié que fa coincidir el nombre
optim de vehicles obtingut dels models amb el real proporcionat per la politica de
torns, que és la més comu a tot el mén .

Es presenten rangs optims de demanda per als tres modes operatius. Els sistemes de
taxi basats en centraletes telefoniques es mostren més eficients per baixes
concentracions de demanda, mentre que els sistemes de taxi al carrer presenten
menors costos unitaris per altes concentracions de demanda. Els models agregats
tendeixen a subestimar els costos, tant dels clients com del sistema entre el 15% i el
30% si la distribucié de la demanda és uniforme. Per demandes no uniformes, els
models agregats sobreestimen els costos entre un 20% i 300%, depenent del valor de
GINI de la distribucio de la demanda.
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RESUMEN

Los taxis son un modo de transporte necesario para satisfacer las necesidades de la
poblacién relacionadas con la movilidad. El impacto del mercado de taxis en la vida
cotidiana es muy importante, tanto desde el punto de vista econdmico (por ejemplo,
los salarios de los taxistas) como social (por ejemplo, la congestién o la satisfaccion
de la demanda de viajes). Varios modelos han sido desarrollados con el objetivo de
cuantificar los impactos y evaluar el rendimiento del sector del taxi, inicialmente
desde un punto de vista agregado y econdmico y, recientemente, desde un punto de
vista operacional y mas realista.

El objetivo principal de esta tesis es el de desarrollar modelos que se ocupen de los
servicios del sector del taxi, dando énfasis en el nimero dptimo de taxis necesarios
para satisfacer la demanda ofreciendo un tiempo de espera razonable a los clientes y
asegurando una minima rentabilidad a los taxistas. Para este propdsito se han
desarrollado dos modelos, uno econémico analitico y uno basado en simulacién de
agentes. El primer modelo es capaz de analizar el mercado del taxi desde un punto
de vista macroscépico mediante el uso de valores medios para toda la regién y de
obtener el nimero dptimo de taxis que satisfara las necesidades de transporte a un
coste unitario minimo, obteniendo también el tiempo de espera relacionado a esta
flota oOptima. El segundo modelo es capaz de reproducir las caracteristicas
operacionales del sector del taxi en detalle, simulando viajes de taxi en una red viaria
y registrando todos los indicadores de rendimiento relacionados con el
funcionamiento eficiente del sector del taxi. Se utilizan datos reales de la ciudad de
Barcelona para la calibracion de los modelos propuestos y la obtencién de los
resultados de la aplicacién de ambos modelos al sector del taxi de la misma ciudad.

Los dos modelos desarrollados se complementan perfectamente. Su combinacién
puede ser una herramienta valiosa en el analisis de los servicios de taxi o cuando se
toman decisiones politicas en un esfuerzo para mejorarlos. Al mismo tiempo,
problemas de funcionamiento locales pueden ser analizados en detalle durante el
disefio de las cuestiones relacionadas con la politica de taxis ya que todos los
agentes se incluyen en los modelos y se pueden tomar en cuenta a la hora de
optimizar el rendimiento del sistema. Los modelos se utilizan para analizar el
impacto de las politicas tarifarias en el mercado del taxi. Tambien se tiene en cuenta
la politica de turnos, para la qual se ha planteado un problema de optimizacion que
hace coincidir el numero éptimo de taxis obtenido por los modelos con los
proporcionados por una politica de turnos, que es la mas comun en todo el mundo.

Se presentan rangos 6ptimos de demanda para los tres modos de operacién. El
sistema de taxis basado en reservas telefénicas parece ser mas eficiente en bajas
concentraciones de demanda, mientras que el sistema de taxis en la calle presenta
menores costes unitarios para altas concentraciones de demanda. Los modelos
agregados tienden a subestimar los costes tanto de los clientes como del sistema
entre el 15 % y el 30 % si la distribucion de la demanda es uniforme. Para demandas
no uniformes, los modelos agregados sobreestiman los costes entre un 20% y 300%,
dependiendo del valor de GINI de la distribucién de la demanda.
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NEPIANIWH

Ta taél amoteAouv éva anmapaltnTto HECO HETAPOPAS VLA TNV LKAVOTIOLNGON TWV OVAYKWY
Hetakivnong twv moAttwy. Ol EMUTTWOELG TNG ayopdg Tafl otnv kabnuepwvn Lwn eivat
EMOUEVWG TIOAU ONUAVTIKECG, TOOO O€ OTL a.POPA OLKOVOULKA (TT.X. oL pobol twv odnywv
tafl) 600 oe Kowwvika Bfpata (m.x. cupdopnon 1 avomoinon tng {Atnong yla
uetakivnon). Etol, elval onuaviiko va ovamtuxBouv POVIEAQ Kol €pyaleio og pla
npoonaBela va elexBel n ayopd twv Tafl amd Toug avtiotolyoug ¢opeig Kol va
LKovorolnBouv oL avaykeg Twv Xpnotwv. Atddopa Hovteda £Xouv avamtuxBel pe otoxo
TNV MOCOTIKOTIOLNON TWV EMUTTWOEWYV Kal TV afloAdynon Twv emdocswv Tou KAAdou
TwV Tafl, apxXLKA OO ULA TILO CUYKEVTPWTLKN KoL OLKOVOWLKA droyn Kat, Tio mpoodata,
aro pLa AELTOUPYLKA KOL TILO PEOALOTIKA artoyn.

O KUpLOG OTOXOG QUTHG TNG SLBAKTOPLKAG dLaTpIPrg elval n avamtuén HOVTEAWV Tou
ooxoAoUVTOL PE TNV avAAuon Twv unnpeolwy tal, pe €udaon otov BEATIOTO aplBuo
Twv Tafl TOU amalTtouVTaL yla TNV KOvomoinon g {NTnong mopExovrag £€vo eUAoYo
XpOvo avapovig kot e€aodaiilovtag vav eAaxLloto kEpdog otoug odnyoug Takl. MNa to
okoTtd autd, SU0 HOVTEAA £XOUV avaTTUXDEl, £VOl CUYKEVIPWTIKO OLKOVOULKO LOVTEAO
KOlL €Vl LOVTEAO TIPOCcOpOoiwoNnG. To MPWTO HOVTEAD UImopEl va avaAUoeL TV ayopd Tagl
Omd MO HOKPOOKOTUKN amoyn XpnolUOTmolwvTaS MECEC TIUEC ylo TO OGUVOAO TNG
TLEPLOXNC YLO TOV KABopLopo Tou BEATIOTOU aplBuou tall mou Ba mapéxel unnpeoieg Tagt
LE TO eAAXLOTO povadlaio KOOTOG, TIAPEXOVTAC EMIONG TO OVTIOTOLYO XPOVO QVOOVIG yLa
oUTO To PBEATIOTO OTOAO. To SeUTEPO MOVTEAO WUTOPEL va OVAAUOCEL TA AELTOUPYLKA
XOPOAKTNPLOTIKA TOU KAASou Twv Tafl pe KAOe AEMTOUEPELN, TIPOCOMOLWVOVTAG
LETAKIVAOELG HE Tafl o €va 0dkO 6lktuo Kal kotaypdadovtag OAoug Toug SelkTeg
anodoong tng Asttoupyioc tou KAGSou Twv Tafl. XpnoLUOTOLOUVTOL TIPOYHOTIKA
6edopéva amo v mMOAn tng BapkeAwvng yla tn BabBpovopnon Twv TPOTELVOUEVWV
HLOVTEAWV KOl TOV KOOOPLOUO TWV AMOTEAECUATWY TNS €PapUoyng Twv SU0 HOVIEAWV
otnVv moAn tng BapkeAwvng.

Ta 6U0 povtéAa Tou avamtuxBnkav Vol CUUMANPWHOTIKA KOl 0 CUVOUACUOC TOUG
uropet va anodeyBei éva moAuTIHo gpyaleio yla Toug dopeic ANPng amodpdoewv KoTd
™Tv availuon tng amdédoong tTwv unmnpeowwy Tatl n yia v AfPn anoddcswy yla tn
BeAtiwon Ttoug. Ta TomkA InTAMOTO  AEltoupyilag pmopoUv  va  avoAuBouv
AEMTOUEPELAKA KOTA TO OXeSLAOUO TNG TOAMTIKAC TG ayopdg tafl. To HOVIEAQ
XPNOWmoloUvTal yla TNV avAAUGCN TwV EMMTWOEWY TILOAoynong tng ayopag Tofl,
aflodoywvtag tn INTnon yo taél mou cuoxetiletal o Sladopa eMUTESA TILOAOYNONG LE
Tov 0plBud oxnuatwv. Meplhappavovtal eniong BEpata dlaxeiong tng ayopdg tall,
omwg n xpnon Bapdlwyv, mou eival To o cuvNBOLOUEVO, YLO TNV TIOPOXH OXNHOTOO0PWV
unnpeolag os enineda avrictola tng BEATIOTNG AUONG.

‘Exouve SlatunwBel BEATota Slaotriuata {TNoNG yLa TIG TPELG ayopEeg Tatl, mapd tnv
060, pe TNAedwvik KpATNoN Kot o€ otaon. H ayopd pe tTnAedwvikn kpdtnon ¢aivetat
va €lval n o amodotiki yla xapnAd emnineda {Atnong, kabwg Kat n mapd tnv 080 va
glval n mo amodotikn yla PnAa enineda INtnonc. Ta CUYKEVIPWTIKA HOVTEAQ UTO-
EKTLMOUV T KOOTN TWV XPNOTWV KAl TOU OUCTNUATOC HEeTafl 15% kat 30% eav n
Katavoun tng Ntnong ivat opolopdpdn. MNa pn opoopdpdeg katavouég ntnong, ta
OUYKEVTPWTLKA LOVTEAQ UTIEP-EKTLLOUV TO KOOTOG HeTagl 20% kat 300%, BAoeL TNG TLUAG
tou ocuvteAeotn GINI Tng Katavoung tng {ntnong.
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1. INTRODUCTION

1.1. Subject and motivation

Nowadays, the vast majority of the population is concentrated in urban cities.
Various studies point out that in 2030 more than 80% of the population will live in
urban areas (United Nations 2007). While the demand for trips and mobility is
continuously growing, the capacity of a city’s road network to accommodate the
incremental vehicle flows is limited, and must be optimized. The construction of new
infrastructures could contribute to the generation of even more trips, so that the
new infrastructure will be congested rapidly. The high cost of building new roads and
the continuous increase for travel demand highlights the necessity for well-planned,
efficiently operated and cost-effective Transportation System Management
strategies (TSM).

The important aspects of the concept of urban mobility are sustainability, congestion
and accessibility. In accordance to these, last years’ tendencies are shifting person
trips from private transport to public transport, increasing the later’s share
significantly. At a European level, this shift is estimated at 55% (European
Commission, 2011b). Mass Transport Systems, such as the subway, the tram and the
bus are the most commonly used. This kind of transport usually has a centralized
management, which uses Intelligent Transportation Systems (ITS), for an optimal
operation of the service. Unfortunately, non-reliability, inflexibility, long total travel
time and insufficient service coverage of Mass Transport systems can cause a low
usage of them in some metropolitan areas. The European Commission recently
published the results of a survey related to the transport sector, which identifies the
reasons why most of the private car users do not use Public Transport. These
reasons are nonblack of convenience (71%), lack of connections (72%), low
frequency (64%), non-reliability (54%), cost (49%) and lack of scheduling information
(49%) (European Commission, 2011a). On the contrary, the taxi is a more convenient
transport mode due to its speed, door-to-door services, privacy, comfort, 24 hour
operation and lack of parking fees, being the optimal transport mode for low-
demand situations. The great inconvenience is the lack of centralized management;
each taxi driver takes his own decisions, with a weak intent of control by the policy
mechanisms of each city, such as license control or distributing the working days of
the taxi vehicles.

A taxi is a mean of public transport with some benefits of both the private and the
public transport, which can be exploited in various ways, from individual use and
variable routes to collective use and fixed routes. It overcomes the limitations of
public transport due to time constraints associated with fixed routes and scheduling.
Also, it is an appropriate and flexible transport service for those who are not able to
drive its own car due to vehicle availability, parking restrictions or personal
capabilities. Therefore, depending on the existing public transport network but also
on cultural issues, there is always a market share for taxis, ranging from 1% in most
European cities to more than 10% in some large urban metropolises located in China.
The number of vehicles dedicated to the taxi market is significant, but there is also a
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high number of stakeholders and third party services associated to the taxi industry,
such as dispatching centers, taxi companies and the competent authorities
responsible for the regulation of all involved actors in the taxi market.

A significant percentage of private vehicles in the daily traffic flow is attributed to
taxis. Two examples are the 40 % of the flow in Hong Kong (Yang et al. (1998)) or the
8-10% (i. e. 1-1.3 million trips per day) of the total trips in Taipei metropolitan area
(Chang et al. 2010). Most of the time, these taxis are empty, e.g. the vacancy rate of
taxi riding is close to 57% in the Taipei Metropolitan area (Chang et al. 2010). This
phenomenon is affecting both taxi drivers, for whom higher vacant kilometers
means lower benefits, and citizens, who are subject to increasing congestion and
environmental pollution. There is a need for a balance between the taxi customers
level of Service (LoS), the taxi drivers benefits and the externalities caused to the
society. The lower benefits of taxi drivers is a situation constantly rising given the
current economic recession, which is modifying the market equilibrium: demand is
decreasing due to the lower income of the population and supply is growing due to
the increasing number of taxi drivers coming from other sectors. It is noteworthy to
mention that the number of taxi driver licenses, which grows constantly, is ususally
higher than the number of taxi licenses, which remains stable in many cities, which
means that the number of double shifts is increasing. Market equilibrium in terms of
balance between demand and supply cannot be achieved within this market because
of the external control such as market entry and fee restrictions. This is a vicious
circle, since vacant hours are increasing and taxi drivers need to work for longer time
periods in order to earn the same income, which means lower income per hour. In
this situation, taxi drivers tend to stop at taxi stands and wait for a customer,
without spending fuel in vacant trips, saturating the taxi stands and creating
congestion in the zones near the taxi stands. If the network of taxi stands is not well
designed, this situation will create a decrease in the Level of Service (LoS) of the
customers and thus cause a decrease of the demand.

Cities around the world have different policies with regard to the regulation of the
taxi sector. These regulations aim at controlling the number of taxis in the cities in
order to reduce their economic, social and especially environmental impacts. The
taxi sector is responsible for an important part of the CO, emissions in urban areas
since more than 90% of pollution comes from gas emissions by motorized vehicles,
with a high proportion of taxi trips (Chang et al. 2010). The European Union (EU) is
working in this direction by promoting green policies, which are presented in the
chapter 1.2.

1.2. Policy and research frameworks

Several papers, reports and studies have been elaborated by the European
Commission during the last years in relation to the transport sector: The new White
Paper (2011: Roadmap to a Single European Transport Area — Towards a competitive
and resource efficient transport system). The Green Paper (2007: Towards a new
culture for urban mobility) and the Action Plan on urban Mobility (2009).
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The new White Paper on Transport highlights the necessity of reducing CO,
emissions by 80-95% below 1990 levels by 2050. One of the ten goals proposed for
achieving this reduction is the increase of the efficiency of transport using
information systems and developing innovative mobility patterns. For the urban
environment, more efficient public transport services must be developed, while the
preparation of Integrated Urban Mobility Plans is encouraged for medium and large
cities. The paper proposes the internalization of the cost of externalities (such as
noise, air pollution and congestion) to the producer, eliminating tax distortions and
unjustified subsidies, showing the real cost of non-sustainable modes of transport.
Finally, seamless multimodal door-to-door mobility must be achieved, creating the
framework conditions for promoting the development and use of new technologies
and intelligent systems for interoperable and multimodal scheduling, real time
information, online reservation systems and smart ticketing.

The Green Paper recognizes urban mobility as an important factor in growth and
employment, identifying urban traffic as responsible for 40% of CO, emissions and
70% of emissions of other pollutants. Mobility management is proposed for
influencing travel behavior before it starts, shifting travelers towards more
sustainable modes. It promotes the idea of better information for better mobility,
providing citizens with user-friendly, adequate and interoperable multi-modal trip
information for planning a journey with the right choice on mode and time for travel.
The paper estimates the increase in capacity due to the use of ITS technologies and
dynamic management in 20-30%.

The Action Plan on Urban Mobility proposes different actions related to the urban
transport sector: the acceleration of the development of Sustainable Urban Mobility
Plans (SUMP), the creation of healthy urban environments, the internalization of
external costs, the upgrade of data and statistics, setting up an urban mobility
observatory and the use of ITS technologies in urban mobility.

New technologies and platforms, such as smartphones and social networks have an
enormous potential for the implementation of new ideas related to all fields,
especially to the transportation field, since all smartphones are equipped with GPS
and associated software for running various applications. Google© or TomTom®© are
exploiting these possibilities for real-time information of traffic conditions. Many
new projects are developing new software applications based on new technologies,
such as the Optitrans project or the Taxi Beat initiative and other taxi-customer
meeting applications developed for smartphones in many cities around the world.
The Optitrans project, funded also under the FP7, developed a web-based
application, providing a multimodal routing planner for Android, Java and IPhone
devices. The project is running in two pilot sites, Madrid and Athens, providing
travelers with information related to their trip, such as mode availability, travel time,
cost and detailed directions for reaching their destination. Other projects, developed
under private initiatives, are developing new platforms in the taxi market.
Applications such as Taxi beat, Fast-taxi, Go-taxi, My-Taxi developed an independent
taxi reservation center platform, where customers can ‘call’ taxi drivers using their
smartphones in various European cities. When the customer ‘asks’ for a taxi, the
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software uses the integrated GPS for finding the available taxis near the customer.
When a taxi is assigned to the customers, the situation of the taxi is displayed in real-
time in the customer’s phone, until the taxi reaches the customer.

1.3. Objectives and originality of thesis

The present doctoral thesis aims at identifying the optimal taxi fleet size and policy in
order to minimize the system unitary cost of the provision of taxi services. These
values are related to the socio-economical charateristics of each region, such as
demand for taxi trips, area extension, Value of Time (VoT) or operational costs of the
taxi fleet. The three actors of the taxi market identified in the study and used in the
models are the customers, the drivers and the city (represented by other drivers and
the citizens). A compact methodology for modeling the taxi market has been
developed and is used for the study of its different variables and their relation. The
methodology matches the supply with the demand for taxi services, reducing the
number of vacant circulated hours and optimizing the income of taxi drivers, while
maintaining an acceptable LoS for customers and reducing their externalities.
Various operational modes are modeled and validated through an agent-based
simulation model in order to define the most suitable mode for each city.

Three basic exploitation models are considered: stand market, where taxis await
customers at predefined meeting points or vice versa; hailing market, where
customers stop a cruising taxi on the street; and dispatching center markets, where
customers reserve taxis calling a dispatching center. Evaluation methodologies for
each exploitation model are developed, focusing principally in the three actors
named above: the customers (the demand), the taxi drivers (the active supply) and
the city (the passive supply). Key Performance Indicators (KPIs) are obtained for each
exploitation model and focus group. Several tools using geometric probability,
continuous approximations, microeconomic and production functions and discrete-
event simulations are developed for the evaluation of the sector, taking into account
the performance and the cost of the service.

Finally, the models proposed herein are calibrated and tested using real data from
Barcelona, presenting significant results in terms of minimum and optimum fleet
sizes for the city. The model can be used by authorities for assessing decision making
related to the regulation of the taxi market but also by taxi companies for optimizing
their operation. For the study of the variables, a tool for simulating the results of the
implementation of the different exploitation models and policies in the taxi sector is
developed. Guideilnes are proposed for assessing the management of policies and
regulations of the taxi sector, such as pricing, shifts or fleet size restrictions.

1.4. Publications related to the research done in the thesis

The contents of the present doctoral thesis have been published in the following
journals:
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e A review of the modeling of taxi services. Procedia - Social and Behavioral
Sciences, Vol 20, pp 150-161, 2011.

e Agent Based Modeling for Simulating Taxi Services. Journal of Traffic and
Logistics Engineering (JTLE) (ISSN: 2301-3680), Vol. 1 No. 2, June 2013. pp. 159
- 163, 2013.

e Aggregated taxi services modeling. Transport Research Part B (under review).

1.5. Structure of the thesis

In section 2, the different models developed in relation to the taxi cab market are
reviewed focusing on the formulations presented in the most operational models.
The state-of-the-art analysis is followed by the state-of-the-practice, presenting the
taxi markets in various cities, with different policies and configurations implemented
over the last years. A comparative assessment of the theory and the practice is
performed, assessing the results obtained in the theoretical models with the reality
of the different taxi markets throughout the world.

The proposed aggregated model methodology and an analytical approach of the
formulation are developed together with the detailed definition of the problem,
including the variables and the formulation, which are presented in section 3.

The agent-based simulation model is presented and applied to a small test network
in section 4. A comparison of the results obtained with measure provided by the
application of the aggregated model is also presented.

Section 5 presents the application of the models to the city of Barcelona, calibrating
the models with real data obtained from the taxis and presenting the different KPIs
together with the optimum fleet size for each city.

The conclusions and further research conclude the thesis with the most valuable
points of the research conducted herein and the definition of guidelines for further
research in the modeling of taxi services.

1.6. References

Chang S. K. J.,, Wu C. H, Wang K. Y. and Lin C. H. (2010). Comparison of
Environmental Benefits between Satellite Scheduled Dispatching and Cruising
Taxi Services; Proc. of the 89" Annual Meeting of the Transportation Research
Board, Washington D.C.

European Commission (2007) Towards a new culture for urban mobility (available at
http://eur-
lex.europa.eu/LexUriServ/site/en/com/2007/com2007_0551en01.pdf).

European Commission (2009) Action Plan on urban Mobility 2009 (available at
http://ec.europa.eu/transport/themes/urban/urban_mobility/doc/com 2009 4
90 5 action_plan_on_urban_mobility.pdf).

Pag. 25 of 233



Modelling of taxi cab fleets in urban environment Josep Maria Salanova Grau - 2013

European Commission (2011a) Roadmap to a Single European Transport Area —
Towards a competitive and resource efficient transport system (available at
http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2011:0144:FIN:EN:PDF).

European Commission (2011b) Future of transport: Analytical report.
United Nations 2007, World Urbanization Prospects: The 2007 Revision.

Yang H. and Wong S. C, (1998) A network model of urban taxi services.
Transportation Research Part B 32 (4) 235 — 246.

Pag. 26 of 233



Modelling of taxi cab fleets in urban environment Josep Maria Salanova Grau - 2013

2. LITERATURE REVIEW

This section presents an overview of the models presented in the literature,
discussing the most important characteristics and providing their respective
formulations in detail.

2.1. Introduction

Taxis are an individual transport mode used for public transport services providing
door to door personal transport services. They can be divided into three broad
exploitation categories: stand, hailing and dispatching market. Taxi stops are
designated places where a taxi can wait for customers and vice versa. Taxis form
queues and customers must reach the nearest taxi stand to their origin and be
served according to a First-in-First-out (FIFO) rule. In the hailing market, customers
hail a cruising taxi on the street. In this case, there is higher uncertainty for both the
drivers, which do not know the percentage of vacant kilometers, and the customers,
which do not know the waiting time and the quality/fare of the service they will find.
In the dispatching market, customers call a dispatching center requesting for an
immediate taxi service. Only in this kind of market consumers can choose between
different service providers or companies. At the same time, companies can fidelize
customers by providing good quality services or billing advantages. The market in
this case is competitive since companies with larger fleets can offer lower waiting
times. However, it is observed that each policy performs better depending on the
social characteristics of the city as well as the potential demand to be served.

The taxi sector has been traditionally regulated basically with fixed fares and entry
control barriers. The objective of this regulation is to correct the weaknesses of the
taxi sector, such as externalities (congestion and pollution), low level of service
provided and the imperfection of the competitive behavior of the market. Various
authors proposed different models for reproducing different entry market conditions
and fares in order to simulate real taxi markets, characterizing them in terms of fares
and fleet size. A fundamental distinction in the types of taxi regulations is made
among quantity, quality and market behaviour regulation. Quantity regulations
include fare regulation and entry restriction, which means that both the applied
fares and the issue of new taxi licenses are regulated by the competent authority.
When entry is regulated, the control in fares limits the possibility of monopoly in the
market. Also fares are regulated in some open-entry markets. Quality regulation
includes the standards of vehicles (age, type of vehicle, maintenance), driver and
operator standards (uniform, route knowledge). This type of regulation is a safety
oriented regulation rather than competitiveness related. Market conduct regulation
includes rules regarding pick up of customers or affiliation to a dispatching center.

Restrictions on taxi market entry have been applied by many cities around the world.
The first city that restricted the number of taxis was New York City in 1937;
nowadays most of the cities regulate the number of vehicles providing taxi services.
When this kind of decisions are taken without studying and analyzing the actual
situation, or having an implementation plan, entry restrictions and fare regulations
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affect significantly the taxi sector, leading to important welfare losses. As a result of
this, the price of the licenses in markets where taxi licenses are tradable are higher
(e. g. Paris €125,000, Sydney $300,000, Melbourne $500,000, New York $600,000
(OECD 2007)). In these cases, as revealed in various studies, they are rising up
constantly due to the exploitation of their owners. Reforms have often been
opposed to reduce the incomes of drivers, which are normally low, and restrictive
conditions have been applied in this direction, but there is no evidence that taxi
incomes are higher in markets with regulated entry conditions. License owners are
beneficiated by these measures and not the drivers. One example is Melbourne,
where taxi licenses valuated at approximately $500,000, but drivers’ income is
estimated at $8 — $14 per hour (OECD 2007). Many cities are deregulating their taxi
markets due to the negative consequences of regulation. Deregulation has most of
the times positive impacts, nowadays many cities have removed entry restrictions,
resulting in lower waiting times, increased customer satisfaction and fare reduction.
In relation to fares, deregulation is very difficult to implement due to the fact that
customers must have the possibility of comparing prices, which means that the
customers should know the price of the service prior to hail the taxi (not feasible) or
choose a taxi in the stand market (opposed to the FIFO rules). Market liberalization is
an interesting challenge, but in cities where high supply restrictions have been
applied, there will be a strong opposition to reform proposals from the license-
owners. Arguments support that license-owners must be compensated in that case:
one approach first used in Ireland is to give the additional licenses to each license-
owner, ensuring that the new monopoly will remain in their hands; alternatively the
new license can be given to taxi drivers without taxi license. One example can be
found in Melbourne, where a 12 year program is adding to the stock of licenses a
number of licenses equal to the yearly demand growth. On the other side,
externalities such as congestion or pollution should be taken into account when
increasing the number of vehicles.

The above highlight the necessity of developing modeling tools for decision makers,
which will use them for evaluating the impact of the policies applied to the taxi
market.

2.2. Extensive scientific literature review on the modeling of taxi services

Since the 1970s, many studies have been published in relation to the taxi sector. The
first studies (1970-1990) were related to the profitability of the sector and the
necessity for regulation using aggregated microeconomic models. These models
were built by using average values of the modeling variables such as demand,
waiting time, travel time, whithout taking into account their spatial distribution.
Later studies (1990-2010) implemented more realistic models: from the most simple
model of Yang and Wong (1997) for a small taxi fleet to the most sophisticated
model of Yang and Wong (2009) being able to account congestion, demand
elasticity, multiple user classes, congestion externalities and non linear cost
calculation.
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Douglas (1972) developed the first aggregated taxi model using economic
relationships from other sectors (goods and services). Many authors (de Vany (1975),
Beesley (1973), Beesley and Glaster (1983), Schroeter (1983), Manski and Wright
(1976), Arnott (1996) and Cairns and Liston-Heyes (1996)) used the model proposed
by Douglas for developing their models and applied them to the different market
configurations. Yang and Wong (1997 — 2010) developed accurate models, taking
into account the spatial distribution of demand and supply with traffic assignment
models. Latest models proposed by Wong and Yang (2005 and 2010), assume a bi-
directional function considering the willingness of customers to pay for the service.
Simulation models have been developed during the last years, most of them based
on agents and discrete event methodologies. The three type of models mentioned
above are presented in detail in the following subsections.

2.2.1. Introductory note

In order to facilitate the comprehension of the literature review, various economic
definitions are presented below:

Demand and supply of a product: The microeconomic theory depicts the demand
and supply of a product as two continuous functions, one monotonically decreasing
for the demand and one monotonically increasing for the supply. The demand curve
represents the relationship between the price of a certain product and the amount
of it that consumers are willing to purchase at that price. The supply curve
represents the relation between the price of a product and the quantity that
suppliers are willing to provide at that price. In a competitive market, the equilibrium
of demand and supply is the intersection point of both curves.

Producer income: This term is the income of the providers, which is equal to the
product between the demand for taxi services and the price of each trip (see Figure
2-1).

Price
. Demand (D)

Supply (S)

Producer Income

P' (D)

P*(8)

Quantity
Figure 2-1 Producer income

Total cost: This term is the cost of producing all the units demanded, which is equal
to the area under the supply curve for the quantity demanded (see Figure 2-2).
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Price
. Demand (D)
Supply (S)
Total Cost
P’ (D)
P’ (S)
Q )
Quantity

Figure 2-2 Total cost

Producer surplus: This term is the benefit of the producers, which is equal to the
difference between the producer income and the total cost (see Figure 2-3).

Price
. Demand (D)
Supply ()
Producer Surplus
P’ (D)
P*(S)
Q _
Quantity

Figure 2-3 Producer surplus

Consumer surplus: This term is the difference between the willigness to pay of the
customers and the real cost they pay (see Figure 2-4).

Price
. Demand (D)
Supply (S)
Consumer Surplus
P’ (D)
P’ (S)
Q )
Quantity

Figure 2-4 Consumer Surplus
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Social Welfare: This term refers to the overall benefit of society due to the provision
of a service. In taxi modeling it refers to the total revenues of the producer and the
surplus of the consumer (see Figure 2-5).

Price
A Demand (D)

Supply (S)

Social Welfare

P (D) f-mmmmmmmmm e

P*  becemmmeeeeeem
P (5) [P ——

Quantity
Figure 2-5 Social Welfare

First best solution: This term refers to the optimal social solution that maximizes
social Welfare when providing any kind of service. The price in this case is equal to
the marginal cost of producing each unit. In the taxi market, this solution is not
feasible due to the fact that the benefits of taxi drivers are negative, since vacant
hours and fixed costs are not covered by the income.

Second best solution: This term refers to the sub-optimal solution adopted when one
or more optimality conditions cannot be satisfied. The price in this case is equal to
the average cost of producing each unit. In taxi modeling, second best solution refers
to the optimal solution where taxi benefits are not negative (zero profit).

2.2.2. Aggregated models

Douglas (1972) was the precursor of the first studies related to the taxi sector. His
work considered a taxi market where taxicabs can be engaged anywhere along the
city streets, with scheduled (by a regulatory authority) fares (P), and a free market
entry. Demand (Q) and the Production Costs (T¢) are also considered. Market
Equilibrium between the demand and the supply for taxi services was studied.
Douglas (1972) formulated the demand as a decreasing function of two variables:
the trip price (P multiplied by the duration of a trip) and a proxy for service quality

(T) (as presented in Equation (2.1))

_ aQ aQ
Q=f(PT), E’<0 , ﬁ<0 2.1)

The price is calculated for an average trip duration using constant average values for
the trip length and the distribution of speed during the route. The service quality can
be estimated with the expected delay when looking for a taxi. Other variables such
as prices in alternative modes, incomes and other quality measures are held
constant. Douglas (1972) formulated the production costs (T¢) as a perfectly elastic
function of the cost per hour of service time (c), assuming independency of the
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division of service time between “occupied” (O) and “vacant” (V) (as presented in
Equation (2.2)).
TC :C'(0+m (2'2)

It is assumed that the delay function (T) depends on the density of taxis (D) and
average speed of vacant taxis (S), presenting a decreasing tendency.

aT aT
T=¢(0.5), —5<0, —-.<0 (2.3)

The Market Equilibrium is formulated without any entry barriers and exogenously
set price level (P = P*) assuming that all taxis will achieve the same occupancy ratio
over time (Equation (2.4)).

P-Q=f0+7V) (24)

Douglas proposed a specific formulation (Equations (2.5) and (2.6)) for the demand
and delay functions for solving the proposed set of Equations, obtaining a set of
price solutions P*.

Q=A+B(P + 1T)* (2.5)

=K/V (2.6)

where,
Q is the demand
P is the price level
Vis the vacant time
T the delay function
K, A, B, r and a are parameters

The occupancy rate and the waiting time are related to the value of P* as shown in
Figure 2-6, where Pq is the price corresponding to the maximum demand and Py is
the price that produces the maximum vehicle-hours in service.

TU

(Q + V)max
Quantity
Q+Vv

Qmax

@ N Price

Figure 2-6 Feasible equilibrium points of the system proposed by Douglas (1972).

Douglas (1972) concluded that the point m is the maximum revenue to the industry,
which occurs at the point where the number of taxi hours in service (Q + V) is
maximized and where Q is less than Qqax (point t). Douglas (1972) characterized
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social welfare as an efficient but unfeasible equilibrium, as it it generates deficit,
expressing it as (2.7):

W=/P(Q, T)dQ — c(Q + V) 2.7)

Finally, Douglas (1972) discussed the importance of the value of time (VoT)
parameter pointing that the problem of the regulation is to find a unique price for
different groups of customers, with different levels of willingness to pay for a better
service.

The formulation of Equation 2.7 has been used as a reference model by all authors.
De Vany (1975) uses the full price demand function (i) proposed by Douglas, adding
an index of the full prices of all other goods (1), while introducing the value of time
of customers and the waiting time (B — demand shift parameter) for a cab in the
demand assumptions.

Q=Q(7T,7T0, B) (28)

Solutions for various types of markets are proposed: the monopoly market (with
regulated entry and fares) and the competitive market (with free entry but regulated
fares). In the monopoly solution, the objective of the taxi firm proposed by De Vany
(1975) is to maximize total benefits as shown in Equation (2.9).

Maxp-Q (p, VoT(H) )-c H (2.9)

where,

Qis the demand

p is the price

VoT is the value of time

H is the total supplied hours
cis the hourly cost

It is stated that unitary elasticity (e=1) represents a zero profit point, while e>1 a
negative profit zone. For this reason the elasticity must be less than 1.

In the competitive solution, the owners’ objective is to maximize their own benefits
as it is shown in Equation (2.10)

Max p-Q(p, Vt(H))% -CH (2.10)

where,
h; is the hours supplied by driver i

De Vany (1975) also solved the problem for a market with limited entry but
unconstrained price and studied the efficiency of pricing, postulating that Q is
maximized subject to a zero-profit constraint. His work was in line with that of
Douglas (1972) in that the efficient price minimizes output and observed that a
comparable increase in the regulated price will be more likely to expand capacity
under competition than under monopoly. Conclusions obtained by De Vany (1975)
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are very useful, characterizing the competitive and the monopoly markets in terms
of capacity and output in relation to price. It is shown that price is higher and
capacity is lower for monopoly market in comparison to competitive market.

Beesley (1973) and Beesley and Glaister (1983) also investigated the different
markets and their characteristics, trying to establish guidelines for decision makers
using a model for simulating relevant inferences in the taxi market. The important
elements and the problems of regulation (monopoly rights, entry conditions and fare
control) are identified, introducing the external cost (congestion produced by taxi
cabs) and testing the regulation effects with the taxi related data obtained from
London, Liverpool, Manchester and Birmingham. The conclusion of their work was
that any elasticity larger than 1 is only possible in a regulated market (free markets
have elasticity lower than 1).

Manski and Wright (1976) provided a structural model of a taxi stand, assuming
Poisson customer arrivals, negative exponential service time and FIFO queue rule, in
opposition to previous models that used aggregated values and assumed a
decreasing function of expected waiting time for the demand and increasing returns
to scale, concluding that over a certain range, increasing the number of licenses will
decrease the expected waiting time and increase the expected utilization rate. In
their work, a diagram with the main elements and relations between demand and
supply in a taxi market (Figure 2-7) is presented.

Exogenous Determinants Exogenous Determinants
of Demand of Supply

Entry Restriction

/ Regulated Fare Structure \

l Taxi Demand | | Taxi Supply |
Taxi Taxi
Availability Utilization

Figure 2-7 Demand-availability-utilization-supply relation in a taxi market. Source: Manski and Wright (1976)

Schroeter (1983) developed a theoretical model in a regulated market where
dispatching and airport taxi stand are the primary modes of operation. The principal
difference between this model and the models of Orr (1969), De Vany (1975) and
Douglas (1972) is the use of the early work of Manski and Wright (1976), creating a
dynamic and probabilistic model. Schroeter (1983) proposed equilibrium in terms of
income between the taxi cabs waiting in the airport and the taxi cabs in the city
waiting for a call from the radio dispatching center, which means that both modes
will have the same benefits. This methodology was applied to the Minneapolis taxi
sector concluding that any growth in the number of taxis decreases the waiting time,
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and increases the demand, but reduces the benefits for each taxi (in opposition to
the scale economies announced by Manski and Wright, 1976).

Foerster and Gilbert (1979) studied the effects of regulation within a framework of
eight regulatory scenarios involving different prices, entry policies and type of
industry concentration factors. The 8 scenarios are presented in Figure 2-8.

Industry
Oy Price
e : :
concentrat variable tixed
E Free ! 3
N 2 4
h
R | Restricted 5 7
Y 6 B8

Figure 2-8 Scenarios for taxi regulations analyzed by Foerster and Gilbert (1979).

For each combination the equilibrium situation is analyzed, concluding that

¢ In an unorganized industry, price will not be regulated by the market; it will tend
to rise without any countervailing down pressure, decreasing the utilization rate.

e If prices are fixed, monopoly will produce a lower level of output in relation to
the level produced by the competitive industry.

e Entry control has the same effects related to price increases in both types of
industry.

Finally various guidelines for policy makers were proposed and the necessity of
empirical data for documenting and demonstrating regulatory impacts highlighted.

Cairns and Liston-Heyes (1996) redefined the demand proposed by Douglas (1972)
and its relation to the supply and assume uniform demand within the day, which
decreases with the increase of the waiting time, while analyzing the monopoly
market (maximizing the benefits of the industry), the social optimum or first best
solution (maximizing the sum of the social and industrial benefits) and the second
best solution (non-negative profits). The maximization of total profits in a monopoly
market as is formulated as:

n=p-f(p, w(N-h-24-t-Q)) - N-c(h)/24 (2.11)
Where,

h are the working hours

p is the fare

w is the waiting time

N is the number of taxis

t is the duration of the trip

Q is the number of trips demanded per hour
cis the trip cost
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For obtaining the social optimum, the calculation of welfare (W) as it is shown in
Equation (2.12) is proposed, where x is the variable fare.

W=ff(x,w)dx + pf(p,w) - Nc(h)/24 (2.12)

It is therein observed that profits are zero when taxis are used at their optimal
intensity and obtained the second best solution and concluded that regulation is
needed for achieving second best solution: “controlling entry, welfare and benefits
will increase, regulating fares, demand-supply differences will not lead to bargaining
the price”.

Arnott (1996) analyzes the shadow cost of taxis in the first best solution, proposing
subsidization for covering these costs in the vacant trips of taxis. Various authors
focused their work on the second best solution, treating the first best solution as an
unattainable idealistic situation, while Arnott focused his work in the first best
solution, trying to decentralize it. The social surplus (SS) for obtaining the first best
solution at its maximum value is derived in his work:

Q
SS= f P(Q,W(V))dQ" -m(Q+V) (2.13)
0

Q:P(Q,W(V)) -m=0 (2.14)

where

Q is the number of occupied taxi-hours
V is the number of vacant taxi-hours

P is the price per occupied taxi hour

W is the expected waiting time

m is the cost per taxi-hour

The social surplus (social welfare) provided in Equation 2.13 is calculated as the
difference between the drivers’ benefit and the cost and proposed in Equation 2.14
that the marginal cost of the occupied taxis is equal to the willingness of customers
to pay (first best solution). Arnott (1996) presented a model which attempts to treat
explicitly the technological and informational aspects of the taxi problem,
considering dispatching rather than hailing taxi services. A uniform customer
demand distribution over a spatially homogenous two-dimensional city is considered
in his work, and a dispatching center supply where waiting time is calculated as
proportional to the square of the density of stopped taxis (in a hailing market, this is
indirectly proportional to the square of the density of free taxis). For this reason
dispatching centers are used in small cities, while in large cities hailing markets are
more frequent. His work concluded that subsidization is necessary, justifying it with
the decentralization of the social optimum, observing that the shadow cost is
covered only when a taxi is occupied.

Daganzo (2010a) was the first to study the travel and waiting time as physical

variables. In his work the optimal size of the taxi fleet using the queue theory is
studied and a region (R) where dispatching services are offered to customers
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(distributed with uniform density A) is considered. Daganzo (2010a) analysed the
three states of the dispatching taxies (idle, assigned and servicing), and the number
of taxis in each state and formulated the problem as in Equation 2.15:

/

where,

m: optimal fleet size

R: region area

v: average speed

To: customer waiting time
A: demand density

I: average trip length

The minimum LoS is presented in Equation 2.16:
Tp=0.8A1/3v2/3 (2.16)

while the minimum fleet size for this LoS is presented in Equation 2.17:
/
m=1.2RA?/3v=2/3+ JR- (2.17)
v

In his work, costs and time are combined, obtaining the lowest generalized cost as:

* / . .
(ﬁ—;> =To#T+m T z(0,8+1,2— 2'1/3v'2/3+% (2.18)

where,

Z7* is the generalized cost

y is the taxi cost per unit of time
Ts is the customer waiting time
B is the value of time

It is stated that the extra cost is at least I/v, even for A=0, concluding that taxis do not
have significant economies of scale (as observed by Schroeter (1983)).

Chang and Huang (2003) expanded the research of Douglas (1972) optimizing the
vacancy rate and fares and specified a log-nonlinear function to simulate the
demand of taxi trips, failing in obtaining the consumer surplus under elasticities
between (-1,0).

Chang and Chu (2009) continued the work of Chang and Huang (2003) using a more
generalized model with the welfare maximization objective for avoiding the elasticity
constraint and used a log-linear demand function for rewriting the Equations
proposed in the literature, while proposing the formulation presented in Equation
2.19 and Equation 2.20:
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Q=A,P“1wh: (219
w=A,V % (2.20)

where,

Q is the daily occupied distance in the market (km/day)

V is the total daily vacant distance (km/day)

P is the fare rate (dollars/taxi day)

w is the waiting time

a; is the price elasticity of taxi demand

a, is the vacant distance elasticity of waiting time

B1 is the waiting time elasticity of taxi demand

A, is the constant term of demand function

A, is the constant terms of waiting time function

Their model can analyze and optimize the vacancy rate and fares subsidization in a
first-best environment and uses the definition of consumer surplus (CS) and welfare
(W) shown in Equation 2.21 and Equation 2.22, where PS is the producer surplus.

Q
S= f P(X)dX - PQ 2.21)
0
W=CS + PS (2.22)

Equation 2.23 to Equation 2.26 calculate the maximized vacant distance (V*),
occupied distance (Q*), vacancy rate (R*) and fare (P*) according to the authors

a -a ,8
VT AT aZBl/ 1i3;1/1 v (2.23)
1 B1 aq a B f(zxﬁig
Q*=A,T-@Fi A, T-a:Pi Ty [~ 221 } 2h1 (2.24)
1+ ay
*
R*=757 o (2.25)

1

Q * 1
. _ (2.26)
’ /AlAzﬁl(v *)azﬁf ‘

The maximum social benefit (Social Welfare - SW) for the demand Q is the balance
between the total revenues (TR - producer incomes), consumer surplus (CS - benefit
for the customer) and total costs (TC). The maximum SW is obtained from Equation
2.27.

dSW _ d(TR+CS-TC)
aQ dqQ -

(2.27)

Or from Equation 2.28
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d(TR+CS) _ dTC 28
0 - do (2.28)

If the demand (D) is a function of the price (Q) (Equation 2.29), Equation 2.30 and
Equation 2.31 are valid.

D =PQ) (2.29)
TR + CS = /2 P(Q) dQ (2.30)
0
d(TR+CS)
a0 - P@Q) (2.31)

From Equation 2.30 and Equation 2.31 it is shown that the maximum welfare is
equivalent to Equation 2.32, where price is equal to the marginal cost (C,,).

darc

P = 0 - Cr (2.32)

The maximum social willingness-to-pay (P(q)) is calculated by using the log-linear
demand function of the form showed in Equation 2.33, where A and u are

parameters of the model.
1

P(@)=Aqu (2.33)

Finally, the relationship between the demand function (D), average cost (AC),
marginal cost (MC) and subsidy (S) is described as it is shown in Figure 2-9.

fal
M
[
[
|
|
|
[

Figure 2-9 Relationship between demand function, average cost, marginal cost and subsidy. Source: Chang
and Chu (2009)

As it can be observed in Figure 2-9, subsidization can reduce the actual cost to the
marginal cost (virtual equilibrium between cost and demand).

Daniel (2003) modeled a taxi market in which fare and entry are regulated and
tested using the data obtained by Schaller (2007) and found an inelastic relationship
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between vacant taxicabs and demand. In his work, a demand function (Q) is used,
depending on the price of the service (P) and the number of vacant taxi cabs (V).

Q=PPVY X, (2.34)

Where y and B are the elasticities of price and demand respectively and Xp is a
function of exogenous variables. The individual supply function (T) has the form:

T:(a/A)aPaQaNl_aXS (235)

Where Xs is a function of exogenous variables and A>0, a<1 (the model assumes
increasing marginal costs of operation).

Massow and Canbolat (2010) developed a model for simulating the taxi behavior in a
dispatching market where taxis are assigned to virtual queues generated in each
zone, and also in high demand points and conclude that taxis will wait in the borders
between zones and proposed the creation of super zones for increasing the level of
service to customers.

Fernandez et al. (2006) studied the characteristics of the hailing taxi market, defining
demand as a function of generalized price, and proving that a unique equilibrium
exists for a deregulated market corresponding to a monopolistic equilibrium. Their
assumptions are:

e Only hailing services are considered.

e Geographic and time restrictions for taxis.
e Vehicles operate independently.0

e Average travel length and time.

e Same number of trips per taxi.

In their work, it is also analyzed the relations between the free market, the best
social or first best solution and the second best solution. Their work agrees with
most of the authors in that the social optimum fare produces losses to taxi
operators, but at the same time it is shown that economies of scale are produced by
externalities (reducing waiting time and operating cost). Their work concludes that
entry regulations are redundant with fare regulations and that they produce worse
industry conditions. They analyze the problem firstly from the short run point of
view (one cycle), calculating the individual demand of each vehicle and the costs
(taxi, industry and customer cost), and secondly from the long run point of view,
enveloping the family of short run average cost functions. They presented the
expressions for the total system cost (TSC — Equation 2.36), average system cost (ASC
— Equation 2.37) and marginal system cost (MSC — Equation 2.38):

TSC(Q)=2 (BkQc)”2 + Qt(c + @) (2.36)
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1
ASC(Q)=2 [QKC/Q}/Z +t(c+ @) (2.37)

1
MSC(Q)= KQKC/Q) & + t(c + @) (238)

where,

Q is the number of runs produced by taxis during the analysis period
K is a calibration parameter for the specific area considered

0 is the waiting time value

c are the operation costs

t is the average run duration

@ is the customer value of time

They obtained a similar representation to the one presented by Chang and Chu
(2009) (Figure 2-9), proving the presence of increasing returns to scale in the taxi
services.

TR s

& W ascg)

T N . o
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()]
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Figure 2-10 Long run average and marginal system cost functions. Social optimum or first best and second
best solutions. Source: Chang and Chu (2009)

As it can be observed in Figure 2-10, social optimum (O) is the intersection of the
marginal cost and the demand functions. Second best solution (S) is the intersection
of the demand and the average cost functions. Fernandez et al. (2006) agree with
most authors when affirming that social optimum does not fully cover taxi operating
cost, while second best solution covers it exactly, maximizing social welfare subject
to non-negative profits of taxi drivers. The triangle area SRO represents the social
loss generated in the second best solution with respect to the social optimum. They
observed that, for a supply of services where many small operators exist, the returns
to scale make it impossible to obtain the social optimum without subsidy (area L in
Figure 2-10), coinciding with Cairns and Liston-Heyes (1996) and Arnott (1996). They
also calculate the waiting time externality as a product of the derivative of the
average waiting time and the supply. They conclude that the need for regulation
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should be carefully considered case by case, due to the fact that the difference
between the second best solution and the unregulated free market equilibrium
depends on the specifications of each case.

2.2.3. Equilibrium models

The above studies were mostly realized by economists and examined extensively
both price and entry controls in the taxi market. Models proposed in section 2.2.1
are mostly based in aggregate demand and supply models and related to various
markets configurations (monopolistic and competitive). The principal assumptions
are:

e Waiting time of customers related to the total number of vacant taxi hours.
e Demand based in fares and waiting time of customers.
e Constant operating cost per hour.

Equilibrium or network models take into account the spatial distribution of demand
and supply and the characteristics of the network where these trips take place. Yang
and Wong presented a series of models between 1997 and 2010 studying the taxi
market in the network of Hong Kong. Their spatial models are more realistic than the
aggregated ones presented in the previous literature since they take into account
the spatial distribution of supply and demand.

Yang et al. (1997) developed a macroscopic simultaneous Equations model of urban
taxi services using data from a simple modal split model of taxis developed in Hong
Kong for transport studies and the annual taxi service surveys conducted since 1986.
They used this survey for the evaluation of the taxi services and government
decision-making with respect to the number of taxis and fares.

Yang and Wong (1998) stated that relationships for taxi services are much more
complicated than the corresponding for many goods and services used as examples
in classical economic analyses. The principal differences are the role of the involved
variables (e. g. customer waiting time) of taxi availability and the taxi utilization
through which the demand and supply are interrelated. They used the demand
model proposed by Douglas for developing a model describing how vacant and
occupied taxi will cruise in a road network searching for customers. Due to the fact
that demand and supply in the taxi sector are distributed in the city streets, they
propose the use of a detailed road network structure and a customer origin-
destination matrix solving a conventional network traffic assignment. The model
attempts to provide information to decision-makers related to taxi regulations on
the basis of different system performance measures at equilibrium. They assume the
following:

e Stationary taxi movements and customer demand.

e The demand between each origin and destination is fixed and given for each
instant of the day (demand elasticity is not considered).
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e Travel time on links is constant (traffic congestion is not considered), what means
that travel times via shortest path between each origin and destination are
constant. What means that taxis in the network will follow an “all-or-nothing”
routing behavior

e Each taxi tries to minimize its travel time when searching for a new customer.

o The expected search time in each zone is identically distributed following
a Gumbel density function.

o The probability of a vacant taxi in a zone j to meet a customer in a zone i
follows the logit model as defined in Equation (2.39).

e ahjitwi)
Pir Ymel e hjm*Wm) viJ (2.39)
where,
0 is the calibration parameter (6>0)
hj is the travel time between zones i and j
Wy is the taxi waiting time at zone k

The value of 6 reflects the degree of information of the taxi drivers concerning the
location of waiting customers. If 6 tends to infinite, the model leads to a
deterministic case where perfect information concerning searching time is available.

Yang and Wong (1998) proposed a methodology for obtaining the minimum taxi
fleet size that ensures the existence of a stationary equilibrium state. They related
the characteristics of the market with 8 and wy, (e. g. in a dispatching monopolistic
taxi market wy must be zero because drivers have complete information about the
customers) and obtained the minimum fleet size in relation to the value of 6 for a
simple numerical example proposed by the authors.

700

User-optimal routing with partial information

— — — User-optimal routing with full information { 8 = o)
— - — Central optimal dispatching

500

400

300

Minimum taxi fleet (veh)

200

100

Figure 2-11 Minimum taxi fleet size vs. uncertainty parameter. Source: (Yang and Womg 1998)
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As observed in Figure 2-11, better knowledge of the network (where to look for
customers) results in smaller minimum fleet. They concluded that taxi fleet and
information of taxicabs must be regulated in order to achieve better taxi utilization,
while maintaining a certain level of service. Meanwhile, a better real time
information service about the market will reduce unnecessary vacant taxi
movements, reducing environmental impacts and customer waiting time.

The fixed-point algorithm proposed by Yang and Wong (1998) cannot guarantee
convergence in large-scale applications. For solving this, Wong and Yang (1998)
proposed an improved algorithm and applied it to the taxi traffic problem. They used
the same assumptions as in the first model Yang and Wong (1997), but they used an
optimization model for the entire movement of all vacant and occupied taxis, from
which a gravity-type distribution model of vacant taxis was derived. The new
algorithm proposed by Wong and Yang (1998) is better because the iterative
balancing procedure is convergent and can be easily obtained; the procedure is also
more robust and stable over the fixed-point algorithm.

With the improved algorithm of Wong and Yang (1998), the congestion of the
network can be added to the model. Indeed Wong et al. (2001) extended the work of
Wong and Yang (1998) including congestion effects in the network and customer
demand elasticity. With congestion effects, the problem evolved into a bi-level
optimization problem, and the development of a new solution algorithm was
necessary. The lower-level problem is a combined network equilibrium model
describing simultaneously movement of vacant and occupied taxis, while the normal
traffic follows a user-optimal behavior for reaching their destinations. The upper-
level is a set of linear and non linear Equations ensuring that the relation between
demand and supply is satisfied. The lower level problem is solved by the
conventional multi class combined trip distribution and assignment algorithm,
whereas the upper level problem is solved by a Newtonian algorithm with line
search. Wong et al. (2001) consider separate demand functions for each OD pair (i,
j), depending on customer waiting time (W;), trip price (F;) and travel time (h;). They
use an exponential function for expressing customer demand from zone i to zone j
as it is shown in Equation (2.40).

Dij — Eij . e Y(Fijtvihj+voWy) (2.40)
where,
ﬁij is the potential demand from zone i to zonej
V41, V, are the monetary value of travel time and waiting time respectively

y is the scaling parameter

The scaling parameter (y) indicates the sensitivity of demand to full trip price. They
analyze the waiting time (both the customer waiting time and the taxi waiting time),
the demand and the taxi utilization rate in relation to the number of taxis. Figures
below show their findings.
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Figure 2-12 Average waiting time vs. taxi fleet size and fare. Source: Wong and Yang (1998)

Figure 2-12 shows that taxi waiting time has almost a linear relationship with the
number of taxis, while customer waiting time has a quadratic shape. From Figure
2-12, the optimum number of taxis can be obtained, where both the taxi waiting
time and customer waiting time have low values.
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Figure 2-13 Total customer demand vs. taxi fleet size and fare. Source: Wong and Yang (1998)

Figure 2-13 shows how demand reaches a maximum, and its linear relation to the
number of taxis in markets with few taxis.
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Figure 2-14 Average taxi utilization vs. taxi fleet size and fare. Source: Wong and Yang (1998)

Figure 2-14 shows the increase of taxi utilization in small markets with the increase
of the number of taxis (this increase rapidly changes into decrease when the market
grows significantly).

They agreed with Manski and Wright (1976), Schroeter (1983) and Arnott (1996) in
the fact that an increase in the number of taxis will be beneficial for both, customer
and drivers, but only in a small taxi fleet (this is an unstable situation, and it rarely
emerges in a realistic taxi market). They conclude that their model is useful in Hong
Kong, because taxis make up a large portion of the traffic stream in the city, having
an important role in the travel time of each link. In another city, with a lower
number of taxis, the impact of taxis flow on congestion can be neglected.

Yang et al. (2002) continued the development in the line of their earlier work
focusing on the impacts of alternative regulatory constraints on the market
equilibrium by investigating the social surplus (SS), firm profit (R) and customer
demand at various levels of fares and fleet sizes in the regulated, competitive and
monopoly markets. They studied the equilibrium conditions for the monopoly and
competitive markets, first best and second best solutions. They applied their findings
to the city of Hong Kong. They proposed to maximize the functions presented in
Equaiton 2.41, Equation 2.42, Equaion 2.43 and Equation 2.44:

For the monopoly market

R(N™) = ZZF”D"" — cN™ (2.41)

i€l jeJ

For the competitive market
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Yier Xjey FijDij
=== (2.42)
First-best social optimum
SN =D Y f Foy (@, WiN))doo — ¢ N/ 243)
i€l jej

Second-best social optimum

SS(z%,N*%) —ZZf Fij(w, W;(N¥))dw — c N*® (2.44)
i€l jej

Where

D is the demand

F is the expected fare

W is the expected waiting time

c is the cost per taxi hour of service time

N is the solution of taxi fleet for each configuration
™is the monopoly solution of taxi fleet

NCis the competitive solution of taxi fleet

Nfis the first-best solution of taxi fleet

N°is the second-best solution of taxi fleet

Figure 2-15 and Figure 2-16 show the iso-social, iso-surplus, iso-profit and iso-
demand contours of their findings.
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Figure 2-15 Social surplus and profit of the taxi market in a fleet-fare system. Source: Yang et al. (2002)
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Figure 2-15 shows the surplus and profit for each combination of fare (r) and
number of vehicles (N), that are the two principal regulation parameters of the taxi

market. It is noteworthy to mention that:

e Dis the maximum profit, with a market characterized by a small taxi fleet and the
high fare (monopoly behavior, where only a few customers will use the taxi due

to the high cost — selective market).

Josep Maria Salanova Grau - 2013

e Aisthe maximum social surplus, the first best solution.

e B is the second best solution, with smaller fleet and higher fare than A (the
difference between A and B is very small and can be achieved by subsidizing the

taxi market).
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Figure 2-16 Customer demand of the taxi market in a fleet-fare system. Source: Yang et al. (2002)

Figure 2-16 shows how demand varies in the same conditions of fare and fleet, as

shown in Figure 2-15.

Yang et al. (2001) studied the relations between the endogenous and the exogenous

variables of their model (Figure 2-17).
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Figure 2-17 Relationships between endogenous and exogenous variables in the simultaneous Equation
model. Source: Yang et al. (2001)

Figure 2-17 shows many of the assumptions listed above, such as the negative
relationship between the number of taxis and the customer waiting time, or the
negative relation between demand and fares. Other relations are obtained from the
Equations presented above, such as the positive relation between taxi occupancy
and vacant taxi headway.

The quasinewton method used in Wong et al. (2001) is not efficient when applied to
large networks. For this reason Wong and Wong (2002) developed a more efficient
solution algorithm for the taxi model with congestion and elastic demand, in which
the computation of the Jacobean matrix in the lower-level takes into account the
characteristics of the upper-level using a sensitivity-based solution algorithm.

Yang et al. (2005) developed a model for analyzing the monopoly, the social
optimum and the stable competitive solutions of hailing taxi services in the presence
of congestion externalities. They postulated that a profitable first-best social
optimum emerges in a severely congested taxi market, where the entry of additional
taxis into the market has a large marginal congestion effect (and thus the entry
should be highly controlled at the social optimum). They postulated that in an effort
to extract as much profit as possible, the monopolist would charge a price in excess
of marginal cost per ride by an amount equal to the consumer’s marginal net
willingness-to-pay for a ride. In the competitive solution case, they concluded that
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the maximum competitive taxi fleet size and hence revenue occurs at the unit
elasticity of the customer demand, at which the increase in the revenue due to a
higher fare is cancelled out with the loss in the customer demand. The function to
maximize in the competitive solution is the same than the one used in the first-best
social optimum, but the solution is a weighted average of the fist-best markup price
and the monopoly markup price. Comparing the solutions, they observed that the
second-best markup price is a portion of the marginal consumer surplus. In contrast
to that, the monopoly markup price is exactly equal to the marginal consumer
surplus in the absence of congestion externality. They concluded that in the
competitive market, the second-best solution leads to a more efficient use of taxis,
with a higher demand served by a smaller fleet and lower fare. They developed a
new diagram with the relations between the endogenous and the exogenous
variables of their model (Figure 2-18), including the internal loop of the demand
generation.
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Figure 2-18 Relationships among endogenous and exogenous variables in the simultaneous Equation model.
Source: Yang et al. (2005)

In the new relationships diagram the following differences with the diagram shown
in Figure 2-17 can be observed: Many exogenous variables related to demand are
not in the model (total population, consumer price index, disposable income). The
normal vehicle demand is given as exogenous variable. Taxi fares (fixed and variable
terms) are given exogenously, but the final fare is calculated endogenously using the
average ride time. Taxi occupancy and waiting time are not included in the model.
An internal loop in the equilibrium is presented (customer waiting time — customer
demand — vacant taxi hours). They obtained a new mapping of the different market
configurations based on the taxi fleet size and the applied fare for various levels of
congestion (Figure 2-19).
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Figure 2-19 Taxi fleet size vs. fare. Source: Yang et al. (2005)

Figure 2-19 shows the effect of congestion externalities in various configurations of
fares and fleet. As it can be observed, the effects of congestion externalities are the
reduction of the number of taxis and a small increase in the fare.

Wong et al. (2004) developed a combined distribution and hierarchical mode choice
and assignment network with multiple customers and mode classes, extending their
single-class network model presented in Wong et al. (2001). They included multiple
customer classes, multiple taxi modes and the hierarchical modal choice of
customers for taxi services.

All the models presented above use a linear taxi fare calculation, making long-
distance (from/to the airport) trips more profitable, creating over-supply in airports
and wasting many taxi service hours in the airport’s queue. Schaller (2007) proved
that a free entry to the market in the USA and Canada had the consequence that taxi
drivers would only accept the most profitable trips, offering a very low level of
service to customers. In order to diverge excess taxi supply from the airport to other
areas, increase the utilization of the taxi capacity and the quality of the service, Yang
et al. (2010b) included a nonlinear taxi pricing of taxi services in their model. They
identified the win-win situation (surplus for both producer and consumer) created by
a Pareto-optimal improving situation, allocating more efficiently the taxi services in
the region.

Hyunmyung et al. (2005) added demand stochasticity developing a stochastic

modeling approach in a dynamic transportation network. They simulated taxi
drivers’ learning process implementing the day-to-day evolution approach
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introduced by Horowitz (1984), Vythoulaks (1990) and Cascetta and Cantarella
(1991). They applied their model in a test network, generating demand at each node
based on the demand rate at each peak period and the trip distribution pattern,
proving drivers capacity in predicting customer queues at nodes. They also
investigated the effectiveness of taxi information systems in reducing unnecessary
trips, proving that using information systems is equivalent to increasing the number
of taxis by 20% in regard to the quality of the service.

2.2.4. Simulation models

The concept of agent based models was developed in 1940, but it was in 1990 when
the advances in computation procedures allowed them to widespread. The first use
of the word agent as it is currently used today was done by Miller (1991).

Kikuchi et al. (2002) examined the link between the agent-based modeling and the
current transportation problems and presented the definitions of agent and agent-
based modeling as well as their attributes and structure. His work concluded with a
study presenting various applications of agent-based modeling to the traditional
transportation theory. Teodorovic (2003) and Chen (2010) continued the work
started by Kikuchi and extended the review of the use of agent-based in the
transportation field.

Only a few simulation based models for the taxi services have been presented. Bailey
and Clark (1987) investigated changes of performance in the dispatching market
related to the number of vehicles, concluding that the waiting time is relatively
insensitive to changes in demand but highly sensitive to changes in the number of
taxi cabs. Bailey and Clark (1992) used a discrete event method to simulate
dispatching taxi services, obtaining a linear relation between total distance and fleet
size.

Kim et al. (2005) developed a simulation based stand taxi services, which includes a
knowledge building process. They proved that the use of information technologies
could improve the quality of the service by 20%.

Song and Tong (2006) and Song (2006) presented dynamic taxi demand models using
the simulation model approach of the taxi stand market. They studied the time-
dependent taxi demand patterns, the assumption of imperfect information, the
learning process and the effects of non-equilibrium in the taxi market due to entry
control. They highlighted the limitations of traditional aggregated models (time-
dependent patterns, imperfect information, learning convergence and non-
equilibrium in taxi market due to regulation) and tested the effects of Advanced
Transport Information Systems (ATIS) in this specific market. They proved that the
learning behaviors benefit both the drivers and the customers, reducing the vacant
time and the waiting time respectively.

Chen (2009) presented a dispatching architecture for the increase of the customers’
satisfaction by concurrently dispatching multiple taxis to the same number of
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customers in the same geographical region. They proposed the definitions for the
agents presented in Figure 2-20, Figure 2-21 and Figure 2-22:
@ Information/Knowledge
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Figure 2-20 Definition of a Control Center agent. Source: Chen (2009)
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Figure 2-21 Definition of a customer agent. Source: Chen (2009)
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Figure 2-22 Definition of a taxi agent. Source: Chen (2009)

Recently, Lioris et al. (2010) developed a discrete-event simulation model for
reproducing the real taxi on demand market conditions. They proposed a two level
decision problem where the design and dimensioning of the fleet size are handled at
the first level, while the real time operating stage is handled at the second level.
They tested the model for three types of customers: customers hailing taxis at the
road side, customers calling to a dispatching center for reserving a trip and a mixed
mode where both type of customers are handled simultaneously. The architecture of

the simulator is presented above:

Optimisation of resources
(number of taxis,

vehicle c7acity...)

Performance evaluation
(service quality,

stochastic inputs:

demand, traffic conditions... Virtu sys_tem statistical logging ™
(netwogk, taxis, ...) and post-analysis...)
decisions:
allocation of
demand to taxis, Observations
routing... in real-time
Real-time
management

(centralised and/or
decentralised operation,
algorithms...)

Optimisation of
real-time management
algorithms

Figure 2-23 Architecture of the simulator. Source: Lioris (2010)

The proposed demand follows a Poisson process where the time between arrivals at
node i follows an exponential law of parameter 4;, while the probability of wanting
to go to a node j is M;;, where M is the OD matrix. They examined various demand
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geometries and intensities and tested it in the Paris Plan network (288 nodes and
674 links) using a total of 3.744 5-place taxis by using the model for answering the
“what-if” questions since the mathematical models are out of reach for such a
complex multi-agent system (taxis, customers, network or stochasticity).

Shi (2010) presented an event-based simulation stand taxi model for analyzing the
customer-searching behavior of individual drivers and its influence on the
performance of the system. They use a varying demand pattern where taxi drivers
adopt different strategies for finding customers. The model is applied to a case study
composed by a linear city with 20 residential zones and a single city center.

Kim et al. (2011) developed a time-dependent agent-based taxi simulation model
and tested it with various customer patterns in order to provide policy-related
guidelines for improving the service performance when the demand pattern is
asymmetric. The model is composed by two types of agents, the taxi drivers and the
customers. The travel times are considered to be constant with a small influence of
the taxi flow. They divided the day into three periods, the Morning and Evening peak
periods and the Off-peak period. They tested their model in a network consisting of
5 nodes and 16 links, where the central node was considered to be the Central
Business District. As expected, as the vacant time of drivers was reduced the waiting
time of customers was increased.
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Figure 2-24 Change in Unoccupied Rate and Customer Waiting Time to the Number of Vehicles. Source: Kim
et al. (2011)

Cheng and Nguyen (2012) proposed a massive multiagent simulation platform for
investigating interactions among taxis and customers. They incorporated real-world
driver’s behaviors and validated the model in a real-world case study. They proposed
the system presented in Figure 2-25:

Pag. 55 of 233



Modelling of taxi cab fleets in urban environment Josep Maria Salanova Grau - 2013

Taxi Initialization Module

Taxi's Iocatin and time

Mode Selection Module

| Street Pickup Module |
Trips y rip
I Queuing Module l _l/

Y

Taxi Movement Module

—
§
Trip Logger

Demand Generator /
Real-World Data

>

Taxi's location and time

Figure 2-25 Agent-centric view of the system. Source: Kim et al. (2011)

2.3. Critical assessment of scientific literature review

The literature review presented in section 2.2 is summarized below, highlighting the
important factors presented and discussed in the above models, unifying conclusions
and identifying debilities and gaps.

Mathematical formulations using endogenous and exogenous variables for
calculating demand, supply, waiting time, social welfare and other important
indicators that explain the performance of the different taxi markets are proposed
by most of the authors. New parameters have been introcuded in the modeling of
taxi services, making it more realistic, such as the model developed by Yang and
Wong (1997) and applied to the city of Hong Kong. They started with a simple model,
adding congestion, demand elasticity, multiple customer classes and nonlinear taxi
pricing. New technologies applied to the taxi market such as GPS, GIS and GPRS were
also simulated in various models, proving their benefits and justifying their use.
Many of the models developed have been applied to various cities around the world.
Beesley (1973) and Beesley and Gaister (1983) studied the data obtained from
guestionnaires in different cities in the UK, especially from London. Schroeter (1983)
was the first to use data from taximeters in his model, using the data from a taxi
company in Minneapolis (USA). Yang and Wong (1997) use the data obtained from
guestionnaires in the city of Hong Kong in 1992. Schaller (2007) uses interviews and
guestionnaires from taxi agents and customers in different cities of the USA.

2.3.1. Regulation

Historically, most of the taxi markets were regulated (basically controlling entry and
fares). Fares are regulated by fixing a flag down price and a fee regulating the way
fares are applied to customers (per time, per distance, baggage supply, airport
supply...). Most of the entry regulations were done by freezing the number of taxi
licenses, without supporting in any way why the current number of taxis was
optimal, or simply good. Most of the cities maintained the number of taxis at 1980
levels. On the contrary, only certain cities increased timidly their number of licenses
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following the GDP value or other economic indexes. Due to the characteristics of the
taxi sector, each modification in the law related to taxi was very difficult to approve
or implement due to their strong reactions to regulation measures. This situation
created in many cities a suboptimal or inefficient taxi market, with more or less taxis
than the optimum. Many authors support that the moment of the regulation has
enormous influence in the results of the regulation, and the market situation must
be studied in the moment of the regulation for justifying each measure adopted,
from the number of taxis until the value of fares, therefore the starting point of the
market is crucial in the success of the regulation policies. Fernandez et al. (2006)
affirm that the two regulations must not be applied simultaneously, entry
regulations are redundant with fares regulation, and the effect of entry regulation is
negative on markets where fares are regulated (and vice versa).

There are economic and non-economic arguments in favor of entry control in taxi
markets. The economic argument is basically the social welfare achievable with entry
control, avoiding market failures. Non-economic arguments are potentially cross-
modal competition, congestion and pollution issues. Moore & Balaker (2006)
declared recently that most of the economic opinions favor open entry to the taxi
industry. OECD (2007) identifies arguments against free entry and arguments against
control entry, (resumed in Table 2-1). Also conclusions of CENIT (2004) are listed in
the Table 2-1.

Table 2-1 Arguments against free entry and entry control. Source: own elaboration from OECD (2007) and
CENIT (2004)

Arguments Against free entry Against entry control

Productivity arguments Excess of capacity Augment of demand
“Diversion” of demand from PT
Most efficient use of resources

Impact on congestion /| More taxis than the optimum Less Private Vehicles

pollution Congestion reduction

Distributional arguments and | Preserve the income position of | Reduction of development of
competitiveness incumbent laborers new products (rivalry)

Reduction of fares
Reduction of waiting time

Impacts on service quality and | Reduced standards of taxi | Absence of information, tools
information services and rules for regulators

CENIT (2004) also identifies arguments in favor and against fare control, presented in
Table 2-2.

Table 2-2 Arguments in favor and against fare control. Source: own elaboration from CENIT (2004)

Arguments Against free fares Against fare control

Operational No feasible in the hailing and | Free market will give better solutions to
arguments stand markets each operation mode

Consumer Higher fares in low demand | Uncertainty fixing the right fares

protection zones No fare abuses

Competitiveness Car renting has no regulation
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2.3.2. Demand and supply

Various authors developed models for analyzing the effects of economic and non-
economic regulations in the taxi market. They proposed mathematical formulations
for calculating demand and supply, simulated various types of markets and obtained
different results for each regulation scheme. Aggregated models calculated total
demand and supply using different parameters; Douglas (1972) used the price of the
trip and the expected waiting time for calculating the demand, and a flat cost rate
for the supply and stated that if different customers have different willingness to
pay, the regulator must find a price p for maximizing all global benefits; De Vany
(1975) added an index of the full prices to the calculation of the demand; Cairns and
Liston-Heyes (1996) supposed uniform demand within the day, which decreases as
waiting time increases; Chang and Huang (2003) and Chang and Chu (2009) used log-
nonlinear and log-linear functions respectively for simulating demand; Daniel (2003)
used a demand function depending on the number of vacant taxis and the price;
Fernandez et al. (2006) used the generalized price for obtaining the demand; Manski
and Wright (1976) assumed a Poisson process of customer arrivals in a FIFO queue
discipline for the stand market. Equilibrium models took into account the spatial
distribution of demand and supply; Arnott (1996) considered a uniform demand
distribution over a spatially homogenous two-dimensional city; Yang and Wong
(1998) used the model of Douglas (1972) in an origin-destination matrix, where
demand is fixed for each pair OD; Wong et al. (2001) considered separate demand
exponential functions for each OD pair, depending on waiting time, travel time and
trip price, adding in this way elasticity to the demand function; Wong et al. (2004)
include multiple customer classes and taxi models; Yang et al. (2010b) use a non-
linear taxi pricing for treating long-distance trips; Hyunmyung et al. (2005) use
stochastic demand. The simulation models use OD matrices in order to generate the
trips. They assign weights to each node and the trips between each pair of nodes are
generated based on these weights. Various simulated models have tested both
uniform and non-uniform demand patterns in order to evaluate the impact of the
spatial distribution of the demand in the performance of the taxi services. The time
dimension can also be taken into account by using various OD matrices along the day
in order to evaluate the performance of the system at peak and non-peak hours.

The above models have focused exclusively on the taxi availability for calculating the
customer waiting time, and therefore the demand resulted. Schroeter (1983) was
the first in presenting a matching function between taxi availability and taxi demand.
Cairns and Liston-Heyes (1996) used a model for simulating drivers and riders
searching for each other. Wong et al. (2005) examined bilateral searching and
meeting using the stochastic micro searching behaviors of both, taxi drivers and
customers. Matsushima and Kobayashi (2006) modeled a single taxi stand where a
double-queue system simulated waiting and meeting between taxis and customers.
Yang et al. (2010a and 2010c) modeled a network bilateral searching and meeting
function between taxis and customers where a taxi driver searches for a customer
taking into account searching time and ride revenue, while the customer searches
for a ride trying to minimize the full trip price. They use a logit model for calculating
the probability of a customer to meet a taxi with the meeting function (presented in
Equation (2.45)).
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mg™t = My (WEQE, wETYY) (2.45)
where,
m{ " is the meeting rate between customers and taxis at location k
Tyt is the arrival rate of vacant taxis at location k
Qy. is the customer arrival rate at location k
Wlt( is the taxi searching and waiting time at location k
wry, is the customer waiting time at location k

Yang et al. (2010a and 2010c) investigated the properties of an aggregate taxi service
model using bilateral searching and meeting functions (considering a specific form of
the Cobb-Douglas type production function) for characterizing the meeting frictions
between vacant taxis and customers. They examined the market profitability at
social optimum, finding that taxi services should be subsidized only when there are
returns to scale in the meeting function (same conclusion obtained and supported by
Fernandez et al. (2006)).

Some authors developed models for obtaining the optimum number of taxis. Ho
(1993) proposed a model for determining the optimum fare and number of taxicabs,
proposing to the government to sell the calculated optimum number of licenses in
relation to the annual optimum fee (rather than perpetual licenses). Schaller (2007)
conducted a regression analysis on seven variables, concluding that the taxi demand
is generated by households without private cars or trips to the airport. Daganzo
(2010a) proposed a formulation for obtaining the optimum fleet size in relation to
the maximum waiting time of customers.

Elasticity of demand has been an important issue: De Vany (1975) proved that unit
elasticity represents zero profit, and elasticity higher than one is related to a
negative profit, concluding that elasticity must be less than one. Daniel (2003)
obtained an inelastic relationship between vacant taxis and demand. Yang et al.
(2005) conclude that the unitary elasticity achieves the maximum competitive taxi
fleet size.

2.3.3. Operation modes

The operation modes presented in the literature review are hailing, stand and
dispatching. The stand market normally works with a FIFO queue systems, where
customers cannot choose the taxi vehicle, which means that price has no effects on
customer choice. Information in the points where taxis are waiting is better than
information in the hailing market, because customers and taxi drivers know from
their experience if there will be taxi/customer waiting. In the hailing market, each
customer can choose a taxi vehicle, but there is no information about the price or
the waiting time for the next vehicle, and once the customer rejected an offer,
he/she cannot find it again if the next offer is higher (in this case risk is high). The
third operation mode is the most favorable for customers, as they can choose the
dispatching center, taking into account price, waiting time or conditions of the taxis.
At the same time, dispatching centers will try to have the best characteristics for
fidelizing their customers.

Pag. 59 of 233



Modelling of taxi cab fleets in urban environment Josep Maria Salanova Grau - 2013

Farrell (2010) explored patterns of taxi engagement and relationships between
generated trips and taxi stand locations for optimizing the taxi stand distribution in
relation to the demand patterns in a 3 level (county, town and stand) model. She
applied her findings to the Ireland taxi market, and realized a comparative cost
benefit analysis, identifying benefits and disbenefits resulting from developing new
taxi stands. She obtained a cost-benefit ratio of 1 to 11 for the construction of a new
stand, and 1 to 3 for the relocation of an existing stand.

Gilbert et al. (1993) reported that dispatching times decrease by 50% to 60% with
the use of dispatching centers. Rawley and Simcoe (2009) estimate that average fleet
utilization increases by 15% to 20% with the use of dispatching centers.

Schaller studied the taxi market composition in many American cities, plotting some
of them in the below three-axis graph.
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any cab stand or street hail trips.
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Figure 2-26 Typical entry policies for taxi customer market segments. Source: Schaller (2007)
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Figure 2-27 Schematic diagram of taxi customer market segments. Source: Schaller (2007)

The densities of population of the cities of Figure 2-27 are presented in Table 2-3. As
seen, dispatching and cab stand markets predominate in cities with lower density. As
density is growing, the percentage of cab stands is growing, while hailing markets
predominate only in cities with a high density.

Table 2-3 Data from the cities represented by Schaller (2007).

Market composition estimated by the authors based on

the visual representation of Schaller (2007)
City Population | Area | Density Street Hail Cab stand Dispatch
Montgomery |201.998 404 | 500 Inexistent Inexistent Dominant
Dallas 1.254.236 | 887 |1.414 Inexistent Dominant Coexistent
San Diego 1.359.132 [ 840 |1.618 Inexistent Coexistent Dominant
San Jose 964.695 452 |2.134 Inexistent Coexistent Dominant
Brookline 58.732 18 |3.318 Inexistent Inexistent Dominant
Boston 645.169 125 |5.144 Inexistent Coexistent Coexistent
San Francisco | 808.976 121 |6.686 Coexistent Coexistent Coexistent
New York city | 8.175.133 | 789 |10.356 Dominant Inexistent Inexistent

Schaller (2007) concludes that there is a strong need for numerical control in hailing
and stand markets, and a relatively relaxed entry control in dispatching markets.

2.3.4. Model evolution

From the first models developed in 1970 to the last ones in 2012, many
improvements have been added, trying to make models as realistic as possible.
Figure 2-28 shows the evolution of the models, highlighting the most important
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models and their innovative characteristics and summarizing the literature review
presented above.

A Simulation models
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Figure 2-28 Evolution of the taxi models

2.4. Review of the formulations of the operational models

Formulations of various operational models are presented in this section. In order to
facilitate the reader, a common variable definition is used throughout this section
aiming at presenting all the formulations without repeating the variable definition in
each formulation and using a common representation in the presented formulations.
Each model uses different decision variables and formulations. All the variables and
parameters are presented below.

The costs of the different stakeholders:

Z4 is the cost of the drivers (€) - z; is the unitary cost of the drivers (€)

Z,, is the cost of the customers (€) - z,, is the unitary cost of the customers (€)
Z. is the additional cost for the city (€) - z. is the unitary cost for the city (€)
G is the cost of the infrastructure (€) - g is the unitary infrastructure cost (€)

The variables:

Ay is the hourly demand for taxi trips (trips per hour and area)
Aq is the taxi hourly supply (vehicles per hour and area)

T, is the access time (min)

Ty, is the waiting time (min)

T,y is the in-vehicle time (min)

€ is the relation between travel time with and without customer
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C is the average trip cost’ (€)

d is the average distance of the trip (km)
t is the average time of the trip (min)

¥ is the average speed of the trip (km/h)
Vp is the vacant distance (km)

H, is the vacant taxi headway (min)

Ais the area of the region (km?)

s is the number of taxi stands

The parameters:

VoT is the value of time (€/hour)

Cy, is the hourly cost of the moving taxis (€/hour)

C'y, is the hourly cost of the stopped taxis (€/hour)

Cg is the emission unitary cost for all vehicles (€/kg of CO,)

ris the area and network parameter

T is the waiting time for central dispatching center (min)

OM_ is the trip characteristic of the other modes

P, is the customer willingness to pay when the waiting time is 0 (€/hour)
u is the communication cost (€, only in the dispatching market)

2.4.1. The demand for taxi trips

The demand for taxi trips depends on both the socioeconomic characteristics of the
population and the comparison between the characteristics of the taxi services and
the services provided by alternative transport modes. Various formulations can be
found in the literature, using in most cases the expected waiting time or the number
of vacant taxis and the relative or absolute cost of the trip. The most recent models
propose the use of searching and meeting functions between customers and taxi
drivers, where the taxi driver searches for a ride taking into account the searching
time and the ride revenue while the customer searches for a taxi ride trying to
minimize the generalized cost of his/her trip. Following the proposed models (Yang
et al. (2001), Yang et al. (2007), Schroeter (1985)), the demand can be obtained using
Equation 2.46:

Ay = (T, Ty, Ty, aw, aa, @y, VoTy, t, OM,2) (2.46)

! Note that the term ¢ does not affect the global objective function of the stakeholders since it will
appear in both the users’ cost and the drivers’ cost with opposite signs. However it is an important
factor when the profitability of each particular stakeholder is analyzed.

% Using a modal split will make more complex the model since detailed data for each OD pair is
needed from the taxi services and all the alternative modes. Two examples of the modal split
calculation are presented in Lo et al. (2004), where the authors applied a Multinomial Logit Model to
the transit services, and in Wong et al. (2005b).
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An example of the above formulation is the demand formulation proposed by Chang
and Chu (2009), where the demand rate (A,A trips per hour and area of service) is
calculated as:

DTy, P
=—

1A (247)

where D, a and B are calibrated parameters of the model.

The demand level can be related to the peak hour or to the whole day. From
Daganzo (2010b) it is assumed that the demand per hour in the peak hour is 2,5
times the demand per hour of the whole day.

2.4.2. The taxi supply

The supply for taxi services depends on the expected benefit when offered to the
customers. There exists an opportunity cost for both the license holder and the taxi
driver. The license holder has invested money in the license and expects high
revenues from his investment, while the taxi driver invests his own time in exchange
for a salary. In macroeconomic terms, the supply depends on the revenues and the
salary, related to revenues and salaries from alternative activities, however in most
of the taxi models, the supply depends on the revenues as an absolute value and not
in relation to the other economic sectors. Different formulations can be found in the
literature, using mostly flat rates for the cost and variable incomes, depending on
the average number of trips, the unitary fees and the average distance/time of the
trips. An important variable for the supply side is the vacant distance; in the stand
market it is equal to the distance between the destination of the customer and the
nearest stand. In the dispatching market the vacant distance is equal to the distance
between the stand and the customer’s origin, and between the customer’s
destination and the nearest taxi stand (both can be supposed to be equal). Different
formulations for calculating this distance are presented in Equation 2.48 and
Equation 2.49. In the hailing market the vacant distance can be approximated by the
difference between the distance travelled by the taxis during one hour (1;A7) and
the distance travelled by the customers during one hour (A1, d).

Vp = 1440 — AA,d (2.48)
Chang et al. (2010) also propose the formulation presented in Equation 2.49 for the

estimation of the vacancy mileage per taxi in the dispatching market, where s is the
number of taxi stand and 6 the stand allocation coefficient:

A1/2r
Y

(2.49)

Yang et al. (2005) relate the fleet size (vacant and occupied) to the demand and the
travel time, where the occupied taxi fleet is calculated from the total travelling time
of all customers.
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Daganzo (2010a) proposes the formulation presented in Equation 2.50 for the
equilibrium fleet calculation in the dispatching market:

1 d
Ag=———+A, (T, +—= 2.50
d (ZﬁTW)z u( w ‘U) ( )
>
& S— L ——
a
Waiting time

Figure 2-29 Equilibrium supply versus waiting time by Daganzo (2010a).

As shown in Figure 2-29, the optimum fleet size initially decreases when the waiting
time increases, but after the minimum value, it increases as the waiting time
increases. This minimum fleet size ensures the minimum LoS within the desired
region (larger waiting times are undesirable). The formulation proposed by Daganzo
(2010a) can be obtained by considering a taxi dispatching service in a region of area
A, demand 1,,, average trip distance d and average speed ¥, where the taxi fleet
(A4A) can be divided into three categories: idle taxis (m;), assigned taxis (m,) and
servicing taxis (m;). If the system is in equilibrium, the three changing rates between
the categories will be equal (the calls rate is 4,A). Taking Little’s formula, the rate
can be approximated by the rate between the number of taxis and the travel time in
each category, providing Equation 2.51:

A A ma _ mS
uh= = (2.51)

From Equation 2.51, the assigned taxis (m, = 4,AT,,) and the servicing taxis number

can be obtained (mg = AuA%_).

The travel time can be approximated by the ratio between the expected distance
and the average speed. Considering that the region is a square, the expected waiting
time of the customer can be approximated by the ratio between the expected
distance to the nearest free taxi (d,) and the average speed ():
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T, =

't?||.9~|

1 [A
=— |— (2.52)
20 |m;

A
(20T y)?

).

From Equation 2.52 the number of idling taxis is obtained (m; =

The equilibrium taxi fleet is the one presented in Equation 2.53:

d
AdA = my + mg + m; = L, AT, + L,A= +—2
(27Tw) (2.53)

—— +4, AT, +—)
(2 7T,

The value of the waiting time for the minimum taxi fleet is obtained from Equation
2.53:

w = (24,0373 (2.54)

Corresponding to the minimum fleet size presented in Equation 2.55:

QU

4 1 2/3
da = 234275 2B+, = (2.55)

<

Chang (2010) proposes that the total profit can be calculated as the difference
between the total revenue and the total cost and states that the total revenue can
be estimated as the product between the total demand and the trip price and that
the total cost can be calculated as the product between the total distance and the
cost per kilometer (in this case the cost per kilometer includes the hourly cost and
the kilometric cost).

Total profit = CA A — C'ymAgAv (2.56)

Introducing the price estimation (dty,,) and the waiting time proposed by Chang
(2010) in Equation 2.56, the optimum fleet size obtained is presented below, where
@ is the opportunity cost of having a taxi reserved place (€/hour) and § represents
the tolerance of customers to the waiting time.

1
A = %[(120‘”-V0T‘5-/1u)(p+1 n Au&] (2.57)

CkmA(p+1

2.4.3. In-vehicle travel time

The in-vehicle travel time is the same for the three operational modes. It can be
expressed by using the average distance between two interior points within the zone
and the average speed, as shown in Zamora (1996), where the distance is estimated
between two random points within a region of area A as proportional to the root of
the area. Smeed (1975) and Holroyd (1965) investigated this proportionality factor
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(relation between Euclidean distance and network distance) in different network
geometries, providing different values for each type of network (direct, radial, ring
road, rectangular). The expected travel time is the factor between this expected
distance and the average speed.

rAl/ 2
(2.58)

= 55

Smeed (1975) and Holroyd (1965) investigated this proportionality factor (relation
between Euclidean distance and network distance) in different network geometries,
providing different values for each type of network (direct, radial, ring road,
rectangular). They calculated different r values for different network configurations,
presented in Table 2-4.

Table 2-4 Network parameters proposed by Smeed and Holroyd. Source: Zamora (1996)

Network Network parameter

Smeed Holroyd | r
Direct distance 0.905 1.00
Radial 1.333 1.47
External ring 2.237 2.47
Internal ring 1.445 1.59
Radial arc 1.104 1.21
Rectangular 0.78-0.97 | 1.153 1.27
Triangular 0.998 1.1
Hexagonal 1.153 1.27
Irregular 0.80-1.06

The network geometries comtained in Table 2-4 are presented in Figure 2-30:

- TN
/\\ \l
[ / .
\\ J

Direct Radial External ring Internal ring

—

Radial-arc External ring/radial Internal ring/radial Radial -arc/radial

/1‘~ /‘T\\

B

e
g

b T R L2~ -

Rectangular Triangular n-directional (n = 4) Hexagonal

Figure 2-30 Network geometries. Source: (Urban Spatial Traffic Patterns 1987)
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They also calculated the network distance in relation to the area, as presented in
Figure 2-31.
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Figure 2-31 Network average distance depending on the network geometry. Source: (Urban Spatial Traffic
Patterns 1987)

2.4.4. Access and waiting time
In the hailing and dispatching markets the access time is either 0 or very small while
in the case of the stand market it can be approximated by the surface covered by
each taxi stand. The models of Yang (2005) and Chang (2009) use the number of
available taxis for obtaining the customers waiting time, but other models have
developed more accurate formulations for each type of market.

In the dispatching market, the average waiting time can be expressed in terms of
reaction time (negligible) and access time. The waiting time is the average travel
time between the customer and the nearest vehicle, related to the density of free
taxis in the area as proposed in Zamora (1996).
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Chang (2010) proposes the following methodology for estimating the waiting time in
the dispatching market. With the hypothesis that in the dispatching market the taxis
are waiting for a call in taxi stands (half of the vacancy distance is generated when
searching for the assigned customer and the other half when going to the nearest
taxi stand and waiting for the next call), the waiting time can be estimated as the
ratio between half of the vacant distance (Vp/2) and the average speed, adding a
fixed time (T) representing the waiting time for the control service center
dispatching the service.

V)2

v

T, +T (2.59)

According to the assumption that the distance from the taxi stands to the customer’s
origin and the distance between the customer’s destination and the next taxi stand
are equal, the vacant distance can be estimated as two times the distance between
the taxi stand and the origin (as proposed in Equation 2.59).

Daganzo (2010a) proposes a similar formulation for the waiting time of a customer in
the dispatching market and considers a square region of area A with a grid of streets
and m; taxis waiting at taxi stands. In his work the probability of a disk of diameter
with length 2x (centered in the customer) is calculated containing zero taxis (i.e. the
distance between the nearest free taxi and the customer is higher than x) as:

_ 2x?
P> x) = (1 _ T) (2.60)

Meyer and Wolfe (1961) presented a very detailed formulation for the estimation of
the waiting time in the dispatching market. They presented and analyzed the
complex case where customers have to wait until the first occupied taxi is available,
increasing the waiting time and reducing the LoS. They proposed the formulation
presented in Equation 2.61:

3 1 1 _ A4
2= 4" 2.61
T, ijluﬁz+2(t Au) (2.61)

In the hailing market, Wong et al. (2008) used the number of vacant taxis and the
size of the area of service for calculating the waiting time (they suppose a continuous
taxi distribution). Using a more statistical approach, the waiting time is equal to the
time the customer must wait until the first free taxi reaches the customer, starting
from a random moment when the customer decides to take a taxi.

Another approach is presented in Bautista (1985). The probability of taking the n-
passing taxi is the probability of passing (n-1) occupied taxis before the first free taxi,
which can be expressed as w"1(1 —w), where w is the proportion of occupied
taxis in the whole traffic composition. The associated waiting time is then the
addition of the waiting time for the first occupied vehicle (u=0.5c) and (n-1) intervals
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of duration 1/c, where c is the rate of vehicles passing by (hypothesis of constant
interval between taxis). The expected waiting time is expressed in Equation 2.62:

(n-Dw™ 1 (1-w) _

Ty =05c"1+ ¥, .
=0.5¢7 + (1 —w)c ' (oo nmw™ = S whh) =
=05ct+ (1 -w)eH (L -w) 2= (1 -w) ™) =
= 1(1-w)"1-05c"1 =

1+
= ¢ W)/ (2c(1—w))

Using the rate of all vehicles joining the streets, Equation 2.62 can be rewritten as
(the value of w becomes w/4,, and ¢ becomes c4,):

(2.62)

7, = et W) (2.63)
v (2 C)lv (Av 'W)) ’
In a similar way, if the interval between taxis is exponentially distributed with
median 1/c, Equation 2.64 is obtained using a Poisson process with value
c*x(1—-w)
1

Ty=——— 2.64

v (el w) @6
Finally, with the hypothesis that taxis move into groups of cars (due to the traffic
lights), Equation 2.65 is obtained using a Poisson distribution of the number of taxis
in each group (the pass interval of the groups is h, which can be approximated by the
average cycle time of the traffic lights):

_ h1texp(-hc(ly—w)) (2.65)
w 2 1—exp(—hc(A,—w))

Fernandez et al. (2008) presented Equation 2.66 for the calculation of the waiting
time in the hailing market, where K is a parameter of the model:

K

T, =——
WAy — Mt

(2.66)
Douglas (1972) used Equation 2.67 for the approximation of the parameter K:

K= (2.67)

Qo

The waiting time of the taxi driver in the hailing market (searching time) is
approximated by Fernandez et al. (2008) using the Equation 2.68:

1
o = ot (2.68)
Where q is the number of trips and t the duration of the trips.
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Chang et al (2010) proposed Equation 2.69 for the calculation of the driver waiting
time in the hailing market, where s is the number of taxi stands and 8 the stand
allocation coefficient:

2404250

cr

(2.69)
T

In the stand market, the waiting time can be estimated by applying queue theory to
a double queue, where vehicles and customers meet each other (Yang et al (2010a
and 2010b) and Matsushima and Kobayashi (2006 and 2010)). Matsushima and
Kobayashi (2010) proposed Equation 2.70 and Equation 2.71 for the calculation of
the waiting time of both the driver and the customer, where n and u are the arrival
and service rates of taxis at taxi stands:

M+1
1=p (2.70)
Ty(dr) = 1
M—p/l_p(l—pM) (2.71)
Ty (us) = 1

where M is the maximum number of vehicles in the stands and p = ’1/#

Yang et al (2000) proposed the empirical formulation presented in Equation 2.72 for
the waiting time at a taxi stand:

T, =B (Hi],) +C G—:) (2.72)

where B and C are parameters of the model, calibrated with data from the taxi fleet
of Hong Kong. The vacant taxi headway is estimated by using the percentage of
occupied taxis (w).

2.4.5. Trip fare

The characteristics of the trip (average distance, average duration and average
speed) depend on the size and topology of the city. The average distance has been
presented in 0; the average duration depends on the average distance and the
average speed; the average speed depends on the policy applied to the taxi sector (if
they can use the bus lanes) and the congestion level of the city for each time interval
and zone. Other characteristics, such as unitary fees or emissions pricing depend on
the policy applied by the city to the transport sector. Chang (2010) proposed the
formulation presented in Equation 2.73 for estimating the willingness of taxi
customers to pay:

P=Py—VoT -T,’ —u (2.73)

In accordance to Equation 2.73, customers have a maximum willingness to pay (P,),
which is reduced with the increase of the waiting time at a rate controlled by &. An
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interesting discussion on different customer classes with different values of time can
be found in Wong et al ((2004) and (2008)).

The value of time of the taxi customers is estimated in order to quantify the
economic cost of the total travel time. Many studies have obtained specific values
for the VoT of the citizens by trip purpose, trip length, income and others. For the
value of time, Small (1992) proposes the 50% of the average hourly salary, while
Daganzo (2010a) assumed it to be 20$/hour.

2.4.6. Costs

In the dispatching market the unitary driver cost depends on the number of taxis
stopped at taxi stands and the number of vehicles hailing (Zamora (1996)). The total
operation costs of the hailing taxis is the product between the total offered vehicle-
hours (144) and the hourly operation cost of a hailing taxi (Cy). The ratio between
these costs and the total demand (4,A) is the unitary operation cost (zq).

Zg = A_Ch (274)
u

Zamora (1994) proposes the estimation of C',using the hourly costs of the driver and
the benefits of the license holder, while forCj, they propose the addition of the
operation cost to C';,. In order to separate the kilometric costs and the hourly costs,
Equation 2.75 is proposed instead of the calculation of the unitary costs of the
moving vehicles in the hailing market.

A Aav
Z4 = ﬁ ch+liu” Cim (2.75)

In the other markets, where taxis wait at taxi stands, the second term of Equation
2.75 will apply only to the distance travelled when assigned or occupied, obtaining
the formulation presented in Equation 2.76:

1
/
Zg = fTZCh"'_r;—,Z‘SCkm (2.76)

For the dispatching market, Chang (2010) presents a detailed cost formulation for
each actor (customer, driver and operator). The customer cost is composed by the
cost of communications, the product between the waiting time (half vacant time)

and the VoT and the time for the control centre dispatching vehicle.

VoT - Vp
Zu=U'/1u'A+2—ﬁ+VOT'Au'A'T (277)

The driver cost is composed by both the occupied and vacant distances:
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The operator cost (G) is calculated as the marginal cost of each taxi stand (b)
multiplied by the number of taxi stands (supposed as non linear).

G =sh (’%d)y (2.79)

where y is the incremental operating cost coefficient of taxi stand (0<y <1)

The average stand cost can be obtained as the sum of the fixed cost (negligible) and
the variable costs. The variable costs are a function of the number of offered places.
It is shown in Zamora (1996) that the optimum number of places per stand is one,
and the only question is to find the optimum number of stands. The stand cost is
calculated as the product between the number of places and the opportunity cost of
each place (if it was used as a private parking place). The fixed term due to the stand
infrastructure is considered null or very small along the cycle of life of the stand. The
total number of places is calculated as the number of occupied places and the
number of free places. For estimating the number of free places, the total cost,
composed by the traveled time between the destination of the last customer and

the nearest taxi stand (3\’%, where W is the density of free places) and the cost of the

taxi stands is minimized. The results are presented in Equation 2.80:

s* =244 -1, A > e+ ? (2.80)

_0.5(Cp, — C'p)r0.44,, A*s (2.81)
%

rA/2 (H1)2/3

1

It is observed in Equation 2.80 that the first term corresponds to the occupied
places, while the second term correspond to the free places, indirectly proportional
to the opportunity cost of having a reserved place and directly proportional to the
difference between the operation cost of hailing taxis and the operation cost of
stopped taxis (C, — C'p).

2.4.7. Generalized cost

The generalized system cost is the total cost in monetary or time terms of the trip,
taking into account the access time, the waiting time and the in-vehicle time, but
also the trip cost, the operating costs and the infrastructure costs for providing the
taxi service. As commented above, the optimum fleet is normally obtained as the
fleet that minimizes the formulated generalized cost, and consequently, the
minimum cost is obtained by introducing this optimum fleet in the formulation.
Using the optimum fleet size presented in 2.4.2, the optimum generalized cost for
the dispatching fleet can be formulated. The proposed formulation in Zamora (1996)
is:

A2 04rp —rAl/ze K

T AT = a S

Zy=——+ o2 E 9 (2.82)
2v e v A, A
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where a is C;, for vacant vehicles and C'j, + ¢ for waiting vehicles (€/hour)

Daganzo (2010a) combines costs and time obtaining the lowest generalized cost for
the optimum dispatching fleet. The generalized cost is the addition of the total time
(waiting and travel time) of all customers and the operation cost of the taxi fleet
expressed in terms of time.

*

Zp . « Cp (2.83)
m=(TW +TIV)/1uA + Ad m

Using the formulation of the optimum fleet and the associated waiting time to this
optimum fleet, the unitary generalized cost is obtained dividing the total system cost
by the demand:

"
Zp

(2.84)

T, *_Ch Cn) g Map2lsp Lnd
VoT =Tw" + Ty + A4 VoTA A ~Tw + (0’8+1’2 VOT) Ay 130 oo

2.5. State of practice

2.5.1. Technologies applied to the taxi market

Initially, taxicabs worked independently from each other, cruising while looking for a
ride with no collaboration or any type of organization. In the 1940s, two-way radios
were introduced to taxi markets, connecting demand and supply through central
dispatching centers. Computers were introduced into taxis in 1970s, but automated
data dispatching systems did not arrive until the 1980s. In the 1980s computer
terminals were inserted into taxis, allowing dispatchers to automatically locate the
nearest taxi. In 1990s, computerized dispatching systems were adopted, with central
computers and on-board units. Most simple systems, called “partially automated”,
required drivers to send a signal to the central computer, indicating their position,
and human dispatchers to announce ride allocations. More advanced systems, called
“fully automated”, used devices with a two-way communication capability for
communicating directly with onboard computers in taxicabs. The first approach was
to divide the city in zones, creating virtual queues and assigning trips to the first
vehicle on the queue (giving the opportunity to search for a ride or being in a
physical queue while waiting in the virtual queue). Vehicle terminals allowed drivers
to see the queue in each zone and choose a new zone with small queue. The most
advanced computerized dispatching systems are GPS-based, tracking a vehicle’s
exact location at all time and precluding cheating behaviors, logging cars into specific
zones (improving at the same time safety of taxi drivers). Currently, many countries
use GPS-based systems for dispatching taxi services. Taxi companies in Singapore use
the GPS Automated Vehicle Location and Dispatch System (AVLDS), consisting of
Autocall, Dial-a-Cab, Fax-a-Cab, PCDial, Hot Button and Taxi order terminals in which
customers can reserve a taxi service via phone, fax, internet or using automatic taxi-
calling machines. New platforms are being developed, taking advantage of new
technologies and providing services for smartphones, where a directly driver-
customer communication channel is established, reducing the necessity of a
dispatching control center, reducing the reaction time and increasing the level of
service.
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All these technologies have been modeled, tested and evaluated by several authors.
Massow and Canbolat (2010) examined taxi protocols and proposed a model for
evaluating the impact of driver decisions on waiting time. They proposed centering
zones on high demand points, generating incentives to move to the center of the
zones. They also proposed the creation of hyperzones when high demand points do
not exist.

Hyunmyung et al. (2005) investigated the effectiveness of taxi information systems.
The learning process implemented in their model shows that taxi drivers could
predict traffic congestion quite well from their experience, but this capability may
not improve their operational efficiency (under normal conditions). They showed
that taxi information systems improve the effectiveness of the system. They also
showed that benefits of taxi information systems decrease with the increase of the
penetration rate (% of informed drivers). New technologies applied to the taxi sector
are capable of evaluating taxi drivers’ operation behavior and skills, or mobility
intelligence as named by Liu et al. (2010).

Chang et al. (2010) evaluated the environmental benefits of the GIS-GPS-based
scheduling service in relation to the conventional hailing services of taxi market
concluding that dispatching models reduce traffic accidents, pollution and
congestion compared to conventional hailing models. They proposed formulations
for calculating fare paid and waiting time in both operation modes. Chang et al.
(2010) evaluated the environmental benefits of the GIS-GPS based scheduled
dispatching services compared to the conventional hailing services of taxi market.
They calculated the fare paid by customers as a function of the maximum willingness
to pay, the average waiting time and the tolerable coefficient of waiting time in both
cases (in the dispatching model the fare includes the commutation cost for each
trip). They also calculated the waiting time in each market, and tested their models
using 2008 data obtained from the Taipei metropolitan area. They concluded that
the dispatching model has comparative advantages in relation to hailing models in
terms of decreased external costs and environmental sustainability aspects.

Rawley and Simcoe (2009) examined how ICT influences the taxi sector. They used
data from the 1992 and 1997 Economic Census including every Taxi firm in the US
with at least one employee and showed that taxi ownership increased by 12% when
they adopted new computerized dispatching systems. They observed that the
percentage of companies using new technologies in the US taxi market increases
with the fleet size, as shown in Figure 2-32.
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Figure 2-32 Fleet size versus TECH utilization. Source: (Own elaboration from Rawley and Simcoe (2009))

Hyunmyung et al. (2005) proposed a model for analyzing the effect of Taxi
Information Systems on the hailing taxi market. They proved that ITS applied to the
taxi sector may not further improve the operational efficiency of the taxi market due
to their travel experience predictions.

2.5.2. Taxi markets in other countries

Most of the cities in the world have regulated taxi markets, controlling the number
of vehicles circulating in the streets and the respective applied fares. There are
various methods applied in the U. S. cities to set the number of taxi licenses. Two of
them are described below:

e Freezing the number of taxis in operation at the moment the decision is made
(arbitrary measure). Adopted in Boston, Chicago, New York and other major
cities during the 1930s.

e Periodic reviews of the Public Convenience and Necessity (PCN) of increasing the
number of taxis.

The main consequences of regulated markets are the increase of the prices and the

reduction of the number of licenses. Various examples are pesented below:

e In Brisbane (Australia), the number of taxis per 10,000 inhabitants decreased
from 19.8 in 1960 to 9.8 in 1999. In Melbourne (Australia), the corresponding
number declined from 12.3 in 1951 to 9.6 in 1995. In the same city, price of the
license has increased by 76% in the period 1989-2004, due to the near-zero
releases of new licenses by the regulator.

e In Dublin, the price of licenses increased by 25 in the 20 years prior to the
deregulation of the Irish taxi industry.

e In New York, the number of taxi medallions is almost 1.400 fewer than in 1937.
Prices in 2000 were 250,000 S, in 2005 had reached 379,000 S, and 600,000 S in
2007.

e In Hong Kong, medallions have increased from 200,000 HKS in 1980 to 1.500,000
HKS in 1987.
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Each city has its own regulation for the taxi market. Table 2-5 shows the regulation

characteristics of some cities along the world.

Table 2-5 Regulation issues in different cities around the world. Source: Own elaboration from OECD (2007).

Country - Zone/city

Fare regulation

Entry
regulation

Period

Restrictions

Characteristics

Belgium - Flamande

yes

yes

5 years

1 vehicle per 1,000 hab

personal and intransferable

Belgium - Brussels

yes

yes

7 years

1 vehicle per 1,000 hab

personal and intransferable

Belgium - Wallon

yes

yes

10
years

personal and intransferable

Czech Republic

yes

no

intransferable

Denmark

yes

yes

10
years

intransferable

France — Paris

yes

yes

100 new licenses per year

Germany

yes

no

5 years

license subjected to a quota

Hungary

yes

Ireland

yes

no (2000)

license subjected to a fee and
quota

Italy

yes

yes

4,5 per 10,000 hab / 1 lic per
person

Japan

yes

no (2002)

Korea

yes

yes

Netherlands

yes (2004)

no (2002)

Norway

depending on the
city

yes

not tradable,

transferable

not

Sweden

no (1990)

Switzerland

depending on the
city

yes

3 years

not tradable,

transferable

not

United  States
Seattle

no (1979)

no (1979)

Romania

yes

yes

4 vehicles per 1,000 hab

As shown in Table 2-5, a few countries have deregulated the taxi market; from their
experience some deregulation effects are collected in OECD (2007):

Sweden (1990): Larger taxi fleet, better accessibility for customers, reduction of
waiting time, various types of new available vehicles.

Ireland (2000): quadriplication of the number of licenses, fare and quality
regulation needed for avoiding overcharging and uncompetitive operation of the
market (uncertainty of waiting for another taxi and price competition unfeasible
at taxi stands).

Japan (2002): 8.4% and 9.7% increase in the number of companies and taxis
respectively. Introduction of a large variety of fares, discounts and flat rates.
United States (Seattle 1979): 5% reduction in fares (taxi-stand raised while radio-
dispatching fell); increase in service at the airport, generating queues, but
without price reduction due to the FIFO queuing system applied.

United States (Indianapolis 1994): Increase in the number of taxicabs and
companies, fare reductions, service level improvements and reduction in
customer complaints.

United States: fare control is needed for controlling the appropriate level of
entry; use of contracts between firms and hotels/airport authorities for avoiding
gueues at those locations where waiting times are always low.

Taiwan: over-supply and high vacancy rate, resulting in poor service, unhealthy
competition and law-breaking behaviors.

Ireland: the number of taxis in Dublin increased by 216% in the two years after
deregulation.

Pag. 77 of 233




Modelling of taxi cab fleets in urban environment Josep Maria Salanova Grau - 2013

e New Zealand: the number of taxies increased by almost 200% following
deregulation.

e Sweden: the number of taxies was doubled in the first two years after
deregulation, but simultaneously, significant innovative taxi schemes had been
developed for encouraging taxi use in off-peak periods.

A liberalization of the market will increase the taxi fleet and level of service of
customers, but a fare regulation is needed (indeed, most of the US markets that
deregulated entry control continued to regulate fares). As exposed by Fernandez et
al. (2008), a fare regulation is sufficient for controlling the taxi market as derived by
the USA example. The example of deregulation in the United States confirmed the
results of Schaller (2007); taxi drivers will create over-supply in airports due to the
higher trip cost.

It is important to highlight that effects of deregulation depend on the pre-
deregulation situation. In markets where regulation kept supply close to free entry
equilibrium levels and low license values, there will be no changes. In markets where
the number of taxis is very low due to the strict applied regulation, supply will
increase significantly after deregulation, as shown in the examples listed above. This
entry of new supply will lead to low incomes, high fares and business failure (short
terms results), while the adaptation of consumers will occur over long term time
periods.

2.5.3. The taxi industry in Europe

Detailed data from European cities is presented in this sub-section. Table 2-6
presents general data of 19 European cities.

Table 2-6 General data related to the taxi market of different European cities. Source: CENIT (2004)

Average | Taxi Taxi Monthly Urban Taxis  per
trip Vs Vs benefits | Monthly population | GDP  per | Number | thousand
City fare* Bus** | gil*** | **** trips Population | density inhabitant | of taxis | inhabitants
Amsterdam | 14.8 14.1 2.2 1404 95 850,000 57.3 34100 1.504 1.77
Athens 7.4 231 |16 256 35 3,900,000 |65.7 11600 15.249 |[3.91
Barcelona 8.5 17.7 1.8 594 70 4,390,000 | 74.7 17100 11.765 | 2.68
Berlin 11.3 9.8 1.8 1199 106 3,390,000 |54.7 20300 6949 2.05
Brussels 14.9 19 2.5 1495 100 964,000 73.6 23900 1.243 1.29
Budapest 6.2 225 |11 201 32 1,760,000 |46.3 9840 5.596 3.18
Copenhagen | 14.9 13 2.3 2661 179 1,810,000 | 23.5 34100 2.805 1.55
Dublin 6.2 8.5 1.2 919 148 1,120,000 | 25.9 35600 1.993 1.78
Lisbon 5.3 5.6 0.8 441 83 2,680,000 |27.9 17100 4.529 1.69
London 12.5 11.4 1.8 1286 103 7,170,000 |54.9 36400 55.997 |7.81
Madrid 9.8 158 |2 594 61 5,420,000 |55.7 20000 14.471 | 2.67
Milan 9.9 176 |16 997 101 2,420,000 |71.7 30200 4.573 1.89
Oslo 18.8 9.7 2.5 1570 84 981,000 26.1 42900 2.148 2.19
Paris 8.7 12 1.3 1095 126 11,100,000 | 40.5 37200 17.538 | 1.58
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Prague 6.8 15.2 1.5 314 46 1,160,000 | 44 15100 3.978 3.43
Rome 8.3 19 1.3 997 120 2,810,000 |62.6 26600 5.816 2.07
Stockholm 11.9 7.8 3.5 1879 158 1,840,000 |18.1 32700 5.207 2.83
Vienna 15.7 176 |3 914 58 1,550,000 | 66.9 34300 4.433 2.86
Warsaw 4.2 12.8 0.8 241 57 1,690,000 |51.5 13200 5.999 3.55

*2002 prices, 5 km trip, day fares, inside the city
** Taxi cost per km/bus cost per km
*** Cost per km/cost of 1 liter of oil

****National average

Conclusions obtained from Table 2-6 are:

e Average trip fare is higher in cities with higher GDP. A relation between monthly
income, cost of taxi and cost of fuel also exists.

e The relation of taxi cost versus bus cost grows with the density of the city due to
the economies of scale of the Mass Public Transport.

e The number of taxis has a very strong relation with the population of the city
(excluding London, as it can be seen in graph Figure 2-33). This relation is
between 1.3 and 4 times the number of taxis per thousand inhabitants (in
London this relation is 8 taxis per 1000 inhabitants).
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2.6. Conclusions

The first taxi models developed used aggregated techniques for explaining the
relation between the most significant variables of the taxi market. Such models do
not consider the fact that taxi markets operate in an urban network, sharing the
street network with other transport modes. Later models introduced this spatial
dimension, along with other hypotheses for simulating the real taxi market, such as
the network knowledge, while calculating the customer trip generation-distribution
and assignment. Other hypotheses include the customer-driver search function,
which increases the reality of the simulation of the finding process between a taxi
and a customer and the day-to-day learning process. The third generation models
are based on simulation and are thus the most appropriate models for analyzing the

operational issues of the taxi market.
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There are detailed formulations in the literature for estimating the different
parameters of the taxi market. All authors agree in the most important variables for
modelling the taxi market, such as the waiting time, the generalized cost of the
system and the optimum fleet. Each author defines his own generalized cost and the
related optimum fleet. Most authors have studied the dispatching market, where
taxis wait at taxi stands for a call, but the stand and the hailing market have not been
modeled at the same detail level. There is a need for research in the other two
modes of operation. In addition, combined markets must be modelled, with a
heterogeneous taxi fleet composed by the three mentioned modes.

All models so far have investigated the taxi market from the taxi driver (income) and
the customer (waiting time, level of service, total cost) point of view, but few models
have taken into account the consequences of the market regulations in the city
(contamination, congestion). It is therefore important to add environmental
considerations as a determinant factor in the future models since in most of cities,
taxi flows have negative consequences for the overall health of the citizens.

Models proposed in the literature are characterized by significant data requirements
due to the high number of determinants in the demand and supply of taxi services.
The use of GPS and GIS has enabled an easier data collection process, but the
reluctance of the taxi sector to share this data remains an important barrier.

Regulaiton has been extensively discussed by most authors. Most of them agree on
the statement that regulation of entry and fares must not act simultaneously;
deregulation of access to the taxi market must be implemented in most cities, which
will increase the supply and the level of service of customers. Entry deregulation
must be accompanied by new regulations, such as fare regulation and special
regulations on high-demand generation points, such as airports, train stations or
hotels.

Both aggregated and simulation based modeling approaches are useful, each one in
its respective scale. Aggregated models can analyze major variations in the taxi
market using fewer variables, simulating fare and entry regulations easily and
obtaining clear results. More detailed models can simulate the taxi market in a more
efficient way, taking into account the spatial characteristics of the demand and
supply, the different types of operation modes that work together in the same city,
the exogenous and endogenous factors that are generating the demand, and the
congestion.

Data availability is an important parameter for modeling the taxi market. As models
become more detailed, the accuracy of results increases, but the necessary data is
more difficult to collect; on the other hand, aggregate models need fewer quantity
and quality of data, but results are not as analytical as they can be in a more detailed
model. With new developed ITS technologies, a lot of data can be recorded, and
more detailed and complex models can be developed.
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3. THE AGGREGATED MODEL FOR THE ESTIMATION OF THE TAXI
SUPPLY

3.1. Introduction

In this section, an aggregated formulation for the estimation of the optimum taxi
fleet size is introduced, presenting the objective function and analyzing the involved
variables. The formulation is related to the three operational taxi modes: hailing,
stand and dispatching. Most of the variable definitions and calculations apply to the
three modes, but in some cases the variables formulation differs between the
operation modes.

The proposed model uses the various mathematical formulations presented in the
literature (Bautista (1985), Fernandez et al. (2008), Zamora (1996) and Meyer (1961))
for estimating some of the variables. A generalized cost function is proposed and
optimized for obtaining the optimum size fleet related to each operational mode,
city size and demand level. The correspondent generalized cost and Level of Service
(waiting time of customers) are also obtained, comparing the characteristics of the
different operational modes for taxi services in the same city. The optimum fleet size
and the related unitary cost and waiting time of customers for the dispatching,
hailing and stand taxi markets are obtained and compared.

Various approximations and relations have been presented in Chapter 2, resulting in
a simple model where the cost and performance components of the system can be
obtained from a small number of decision variables (the number of licenses, the
demand and the area size). The optimization of the problem can be done by deriving
mathematically the generalized cost formulations and by depicting their values in a
grid. In order to define the optimum fleet size, all the costs (monetary costs and time
costs) of the involved stakeholders are added in a unique function. Various quality
constraints are defined and the objective function is optimized, presenting the
results in terms of minimum and optimum fleet size for each operation mode,
demand level and city size. The objective function captures the “costs” (in terms of
time) of the involved actors and the cost of the taxi services infrastructure. In the
case of the customers the cost is composed by the total travel time (access time,
waiting time and in-vehicle time) and the trip monetary cost. In the case of the city,
the costs are composed by the increase of travel time caused to other drivers and
the smissions generated by the taxi drivers. Finally, the taxi drivers cost is the
difference between the cost of offering the taxi service and the income (in this case
the cost is expected to be negative). The cost of the infrastructure varies depending
on the operational mode. The estimation of the speed due to the variation of taxi
vehicle-kilometers in the network and therefore the external cost calculation is
based on the existence of an accurate and not scattered MFD, which existence at
region level has been recently proved by Geroliminis and Daganzo (2008). An
example of this methodology can be found in Estrada et al (2011), where the impact
of new bus lanes in the city of Barcelona by obtaining the MFD of the city is studied.

In relation to the externalities, during the last years there have been many attempts
to internalize the externalities of road transport in terms of congestion and
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pollution. The customers that are paying these costs nowadays are the other road
drivers (congestion) and the citizens (local Greenhouse Gas emissions). On the one
hand, taxis circulate in the road network that is also used by other types of vehicles,
such as buses or private cars. The taxi flow has a significant influence in the travel
time of the rest of the customers, especially when the percentage of taxis in the daily
volume is high3. A variation in the number of circulating taxis will affect the travel
time of all road customers, changing the corresponding emissions and fuel
consumption. Recent studies (Geroliminis and Daganzo (2008) and Estrada et al
(2011)) have shown how to quantify the impact of this variation in terms of average
speed reduction for a whole zone within the city. Using the MFD, it is possible to
estimate the average speed increase/reduction of the whole network due to a
decrease/increase in the number of taxis in the network. On the other hand, the
environmental issues are gaining importance when developing policies and planning
transport systems. In order to quantify the impact of the taxi services on local
Greenhouse Gas emissions, an emission unitary cost is applied to the taxi emissions
and to the additional emissions from other vehicles caused by the extra travel time
caused by the taxis. The fuel consumption and the emission levels are estimated
through the travelled distance and the average speed using the formulations®
proposed in the different environmental models. The impact of the taxi fleet on the
average speed of the network can be approximated by the MFD: more taxi vehicle-
kilometers will increase the density of the network and therefore reduce speed;
oppositely, a reduction in the number of vehicle-kilometers produced by taxis will
increase the average speed of the network, reducing fuel consumption and
emissions.

The involved stakeholders are, as proposed by Lo et al. (2004), the taxi customers,
the taxi drivers or service providers and the city or society in general (building a
multiobjective problem). In order to define the optimum fleet size, all the costs of
the involved stakeholders are added in a unique function. This unique function takes
into account all the costs of the involved parties, monetary costs and time costs.
Various quality constraints are defined and the objective function is solved,
presenting the results in terms of minimum and optimum fleet size for each demand
level and city size.

% Taxi volume in Hong Kong represents the 60% of the total volume in the peak hours (Yang et al.
(2000).

* Most of the models propose a second grade function for estimating the kilometric fuel consumption
and the emissions using the average speed.

Pag. 88 of 233



Modelling of taxi cab fleets in urban environment Josep Maria Salanova Grau - 2013

3.2. The stakeholders

The three involved actors are the customers, the drivers and the city. The customers
aim to minimize the total time and cost in order to satisfy the necessity for a trip, the
taxi drivers look for trips in order to maximize their benefits and the city is paying for
the externalities of the congestion and pollution generated by the circulating taxis.

3.2.1. The customers

The customers are estimated as the quantity of demanded trips per hour and km?
(A4). The most important variables of the customers are the value of time
parameter, the fee and the total travel time (composed of access time, waiting time
and in-vehicle time). The parameter used for converting the total travel time into
monetary costs and viceversa is the customers’ value of time.

3.2.2. The taxi drivers

The number of taxi drivers is estimated as the quantity of taxis (vacant and occupied)
per hour and km? (1,). The two important variables for the drivers are the expected
income from the provision of taxi services and the cost of providing the services. The
income of the taxi driver depends on the number of trips, the average length, the
average duration and the fee applied. The cost depends on the mode of operation; if
the taxi driver is circulating while waiting for a call or looking for a ride, the cost can
be considered as fixed cost per hour of circulation (with or without customer),
however if the taxi is not circulating while waiting for a call or looking for a ride, then
the cost is only the cost per hour of circulation with customer or the cost of
accessing to the nearest taxi stand or taxi waiting zone when waiting for a customer.

3.2.3. Thecity

This actor represents the externalities of the taxi services in the cities, from the
citizens to the other drivers. The externality of the citizens is assumed to be the
pollution of the urban environment by both, the taxis and the private cars (the taxis
generate congestion to the other cars and therefore these cars pollute more). The
externality to the other cars is the congestion, the extra circulating time due to the
congestion generated by the taxis. The city is represented by the quantity of other
drivers per hour and area of region (1,). Other externalities such as noise are not
considered in this model.

3.3. The mathematical formulation

3.3.1. The objective function

The objective function consists of the “costs” of the involved actors and the cost of
the taxi service infrastructure. In the case of the customers, the cost is composed by
the total travel time and the trip cost. In the case of the city, the costs are composed
by the travel time increase and fuel consumption of other drivers and the pollution.
Finally, the taxi drivers cost is the difference between the cost of offering the taxi
service and the income (in this case the expected cost is negative). The cost of the
infrastructure varies depending on the operational mode: zero cost in the hailing
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market; stand construction and space opportunity cost for the stand market;
communications, office and personnel costs in the dispatching market case. The
proposed objective function is presented in Equation 3.1, while the different
components and variables are defined in Table 3-1:

MinZ=Z,+2Z,+Z. +G i (3.1)
Zu=/1u~A~[aA~TA+aW-TW+a,V~T,V+%n] 32)
Zq = /‘1/‘10'7:: [-7-c+ (- d- Com + Cp)] (3.3)

Z, =,1V.A.(AT1,+AFC+§iT'AT”'E)+Ad'€;TiE'E (3.4)

3.3.2. The variables

The variables are presented in Table 3-1.

Table 3-1 Variables definition

Variable

Model outputs

Z is the cost of the system (€) - z is the unitary system cost (€/trip)

Z 4 is the cost of the drivers (min) - z, is the unitary cost of the drivers (min/trip)

Z,, is the cost of the customers (min) - z,, is the unitary cost of the customers (min/trip)
Z is the additional cost for the city (min) - z, is the unitary cost for the city (min/trip)
G is the cost of the infrastructure (min) - g is the unitary infrastructure cost (min/trip)
Ty is the waiting time of customers (min)

T, is the access time of customers (min)

C is the average trip cost (€)

71 is the average number of trips per hour and driver (trips)

AT, is the increase in the travel time of the other drivers caused by taxis (min)

Decision
variables

Agq is the taxi hourly supply (vehicles per hour and area of service)
D is the flag-drop charge (€)

Tim IS the taxi fee per unit of distance (€/km)

Tsec IS the taxi fee per unit of time (€/min)

Model inputs (variables)

A, is the hourly demand for taxi trips (trips per hour and area of service)
Ais the area of the region (km?)

A, is the hourly circulating vehicles (vehicles per hour and area of service)
T,y is the in-vehicle time of customers (min)

d is the average distance of the trip (km)

U is the average speed of the trip (km/h)

U is the average pedestrian speed (km/h)

E are the hourly vehicle emissions (kg of CO,)

Model inputs (parameters)

VoT, is the value of time of the taxi customers (€/min)

VoT, is the value of time of the taxi drivers (€/min)

VoT, is the value of time of the other drivers (€/min)

a, is the customer perception factor of the access time

ayy is the customer perception factor of the waiting time

a;y is the customer perception factor of the in-vehicle time
C, is the hourly cost of each taxi stand (€/min)

Ci.m is the operational cost per unit of distance of taxis (€/km)
Cy, is the hourly operational cost of the moving taxis (€/min)
Cg is the emission unitary cost for all vehicles (€/kg of CO,)

r is the area and network parameter (depending on the geometry as proposed in
Holroyd (1965) and Smeed (1975))
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Three weighting parameters (a,, oy and ayy) are proposed in order to use a unique
VoT for the taxi customers. The parameters take into account the perception of the
time by the customers in each case. There is the need for calibration of the
parameters in each city and type of users. Kittelson et al. (2003) proposed the values
presented in Table 3-2.

Table 3-2 Relative Importance of TravelTime Components for Work Trips. Source: Kittelson et al. (2003).

Value In-vehicle time (T;;,) | Walking time (T,) | Initial waiting time (T},)
Average | 1.0 2.2 2.1
Range 1.0 0.8-4.4 0.8-5.1

These values should be adapted to each region. Recently, Raveau et al. (2011) have
obtained similar values for the metro of the city of London:

o One minute of waiting equal to 1.07 minutes of travel.
J One minute of walking equal to 1.79 minutes of travel.

The trip cost is calculated based only on the distance traveled by the taxi and the fee
per unit of distance. Note that the term € does not affect the global objective
function of the stakeholders since it will appear in both the customers’ cost and the
drivers’ cost with opposite signs. However it is an important factor when the
profitability of each particular stakeholder is analyzed.

3.3.3. Externalities

Using the formulation presented above for estimating the speed drop and the
approximations to the fuel consumed and emissions, the impact on both parameters
can be quantified. The formulations used for the calculation of the fuel consumption
and the CO, emissions’ are based on the estimations proposed by Ntziachristos and
Samaras (2012). Various speed-depedent formulations depending on the speed
range, vehicle class and engine capacity for estimating the fuel consumption (F,)
and the emissions of various pollutants (E4) are proposed in their work. The
formulations used in this thesis are presented in Equation 3.5 and Equation 3.6:

E, =102.5 — 1.364 7 + 0.008677> (3.5)
E; = 14.653 — 0.2207 + 0.00116372 (3.6)

> Pollution is represented in the model by CO, emissions, but emissions of other gases can be taken
into account by changing the coefficients of Equation 3.6.
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3.3.4. The constraints

The above metrics are expressed in terms of output per hour, analyzing the
characteristics and providing the results for the typical peak hour of the market.
Longer periods can be also selected if there is homogeneity in their characteristics
along time. The constraints presented below must be taken into account when
applying the model in order to reflect physical or temporal restrictions of the real
world:

TA < TAmax (3-7)
TW < TWmax (3-8)
Zg < =Bamin (3'9)
Ey+E, < Epmax (3.10)
AT, < ATymax (3.11)
G < Gpgy (3.12)
Ad < Admax (3-13)

/1d > Admin (3-14)

The above constraints correspond to the following limitations:

e Access and waiting time of customers lower than Tamax and Tywmax (Equation 3.7
and Equation 3.8).

e Benefit of taxi drivers higher than Byp,in (Equation 3.9).

e Emissions lower than E .« (Equation 3.10).

e Travel time increase of the other drivers lower than the AT, ,.x (EQuation 3.11).

e Infrastructure cost lower than G, (Equation 3.12).

e Number of licenses between minimum Agmin and Agmax (Equation 3.13 and
3.14).

The problem is to minimize the objective function while respecting the above
constraints, which can be added to the problem formulation by using Lagrange
multipliers, converting the constrained problem in an unconstrained problem.

3.4. Application to the dispatching market

3.4.1. Formulation of the trip distance

The trip distance is calculated by considering the region as a square of side a and
estimating the expected distance between two random points within the region.

—_— e e e e e — == — oy

: : X;¢(0,a)
! i Vic(0a)
| : X;c(0,a)
! " Y, c(0,a)
| (X2Y2)1
! 1
! 1

Figure 3-1 Euclidian distance between two random points
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Making the hypothesis that the coordinates of the two points are independent, the
probability function of the distance between the two points can be expressed as
follows:

F(d)=Prob((X;-X2)?+(Y1-Y2)?<d?) (3.15)

And the expected value is the one presented in Equation 3.16:

\V2a
Eqise = f vy (@)dv (3.16)
0

The solution for Equation 3.16 is the one presented in Equation 3.17 for a square
region of side a:

a a
Eaise = 5n(1+ V2) + =2+ V2) = 0.52140543a ~ 0.5a (3.17)

Daganzo (1984) proposes a similar procedure for calculating the distance but making
the hypothesis that the individual x and y coordinates of the origin and the
destination are not independent.

The expected travel time is the factor between this expected distance and the
average speed.

1
/
T,y = 22 (3.18)

3.4.2. Formulation of the waiting time

Considering that the taxis are waiting for a call distributed in an homogeneous stand
network, this distance depends on the density of free taxis in the zone (A),
expressed as the ratio between the free taxis and the area of the zone.

0,4r

d@) = =

(3.19)

The number of free taxis is calculated as the difference between the total number of
vehicle-hours (A4A) and the occupied/assigned taxi-hours. Finally, the occupied
number of taxi-hours is calculated as the product between the total demand (A,A)

1
I A"/ . .
and the average trip time (rz—z) In order to take the travel time between the taxi

stand and the customer (assigned taxi-hours) into account, when the taxi has been
called, a factor € is introduced in the calculation of the occupied taxi-hours.
Introducing the density into Equation 3.19, Equation 3.20 is obtained:

- 0,4r
w = 1/
hah— N AT e (3.20)
v y v
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3.4.3. Optimization of the fleet size

Introducing the formulations of the trip distance and the waiting time into Equation
3.1 and Equation 3.2, Equation 3.21 is obtained:

[ y 1
rA/2
Zy =2y A 0+ il gy APt
w = A A et — T T | vol, | (21
[ 5y, 1A /2 |
l Pl h e J
, oAl ra'l L ra'l2 N
a=y ol |24 ( 2 Tkm) T 2 km h 522
A A2 rA'2 '
=VOT u (D + “Tem) + Ay - 2 *Cem +Aq - Cp

Deriving Equation 3.21 and Equaiton 3.22 with respect to the supply:

0z, Ay - Aoy, 0,4r
Ma ra's \’ (3.23)
20 Ad - Au?E
0Zg A-Cp
3, = Vo, (3.24)
And the optimum supply is the one presented in Equation 3.26:
4., = Ay Aay VoTz0,4r 3
Y 3.25
2ﬁ\/<ld—luh§—ﬁzs> (3.25)
1 =2 ra'lz </1uaWVonO,4r)2/3 (3.26)
4= o8 20C),

The first term is the minimum fleet size for serving all trips and the second term is
the extra fleet needed for providing a better LoS to customers, while maintaining a
satisfactory profit to taxi drivers. The constant value of this extra fleet is directly
proportional to the VoT and inversely proportional to C; and v, which means:

High VoT of taxi customers implies a higher extra fleet in order to reduce waiting
time.

High r (longer trips due to the complex geometry of the network) values implies
more taxis

High hourly operating cost implies fewer taxis for reducing the vacant distance
and time of taxis.

Higher speeds are related to smaller taxi fleets due to the higher performance of
the vehicles.

It is interesting to highlight that the obtained formulation is very similar to the one
proposed by Daganzo (2010a) for calculating the optimum supply, where the fix
values of the second term are approximated by 1.2 (Equation 2.55).
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Figure 3-2 shows the minimum and the optimum fleet sizes obtained by the
formulation presented above in relation to the demand level or area size.

= = Minimum taxi fleet == == Extra taxi fleet Optimum taxi fleet

Number of taxis in the network
\

City area (A-km2)

Figure 3-2 Minimum, extra and optimum fleet in relation to the city area

Figure 3-3 shows that small cities need a very small minimum fleet due to the small
distance of the trips, but the extra fleet is much larger in relation to this minimum
fleet. Larger cities need larger minimum fleets (longer trips), but the extra fleet is
smaller in relation to this minimum fleet.

= = Minimum taxi fleet === = Extra taxi fleet Optimum taxi fleet

==
-
-
-
-

Number of taxis in the network
\

= =
- -
-

Demand for taxi services ( 1, -passengers per hour and area of service)

Figure 3-3 Minimum, extra and optimum fleet in relation to the demand for taxi services

Figure 3-3 shows the optimum fleet and its composition (minimum fleet and extra
fleet) in relation to the demand. The relation between the minimum fleet and the
extra fleet decreases as the demand level increases. Again, low demand levels
require larger extra fleet in relation to the minimum fleet.

The associated waiting time to the optimum supply is presented in Equation 3.27:

_— 0,4r _0,4r< 2C, 7 )1/3_ ( awVoT, _2>—1/3 (3.27)
W= — = 0 \LayVor,04r)  ~ \032- ez

rA /2
rA’z

ﬁld—uZU
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The waiting time is multiplied by a similar factor to the one commented above for
the extra fleet (directly proportional to r and Cj, and inversely proportional to VoT).
Similar conclusions can be obtained:

e Higher VoT or network speed implies less waiting time.
e Higher r or C}, implies higher waiting times.

The obtained result is exactly the same as that proposed by Daganzo (2010a), where
the fixed values are approximated by 2 (Equation 2.54).

Finally, by introducing Equation 3.27 and Equaiton 3.26 into the generalized cost
function, Equation 3.28 is obtained:

(3.28)

ld*Ch T'A1/2<Ckm

aIV) *
u d VoT, u T, VOng 5 ulwlw ]

where the first term corresponds to the fixed cost of the taxi fleet, the second term
represents the customer and driver variable cost due to the trips and the final term
refers to the waiting time cost of the customers. Rearranging the terms and
introducing the formulations of the optimum fleet (Equation 3.26) and minimum
waiting time (Equation 3.27), the following actors (Equation 3.29 and Equation 3.30)
and system unitary costs (Equation 3.31) are obtained.

1
1 1 rA'l2
3 ay,VoT, _2) /3 rA'2\ D+——%—Tum
Z,=1,-A I((xw (0'32 Cr? AU +apy = + VoT, (3.29)
e 2D rA'/2 i Al/ ra’z 3 ra'/2 ()IuaWVoTuO,4r)2/3 c (3.30)
4= Vol T, WD +—— 2 “Tm) + 2 km T | Ay 75 £+ 250, h
(3.31)

2
Z,+2, [rA'h | (wVoT,04r 5\ ¢, +rA1/2 (ckm +a,v)
oA\ T\ 2eca VoT, " 2 Wor,° " %
ayVoT, _2)_1/3 3

+ ayVoT, (70 32-Cor? WV

~1 -
C, rA' ( VoT, 2921, >/3 rAl/Z(Ckm av) ( VoT,A,7? )1/3

T
vor, 25 © T \0,04(a, voT,nC, 2 Wor, T 5 ) T \032 - Cplayr)?
_ G ra s +(0,926 VoT,* 0% Ay TAl/z Ckm alV)
“Vor, 25 T\ @y vor,nec, 2 Von‘g 7

Figure 3-4 represents the total costs depending on the demand and the supply for a
fixed area size, where the loci of demand and supply points with equal total costs are
plotted. Three zones can be observed:

e Zone A: the taxi supply cannot serve all the requested services. In this region the
minimum supply constraint is violated.

e Zone B: the driver waiting time is very small; total taxi-hours in service are almost
equal to the total customer travel time, providing the customers with a very low
LoS and a maximum profit to taxi drivers (maximum utilization of their vehicles).

e Zone C: the number of taxis is higher than the minimum. More taxis imply more
waiting time for drivers but less waiting time for customers. In this zone the
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optimum fleet size can be observed, providing the optimum number of taxis for
each demand level, where the total unitary cost of the system will be minimum.

kol

° Q g

s = Higher cost

s ¢

e = Supply

o]

o

]

o

£

3 Coy Demand

[Ty

= .Q

2

x g

o Y

2 o

Qo

o ©

<

£

Rl

8

S

g -

E O

= =

z = 71<272<73
5

Low demand High demand

Demand for taxi services (4, - passengers per hour and area of service)

Figure 3-4 System cost (Z) of each demand and supply configurations for the dispatching market

The same figures for the taxi and customers costs are presented in Figure 3-5:

Higher cost
Z43

Large fleet

area of service)

A

Z41

Lower cost

1<Z42<2Z43

Demand for taxi services (4, - passengers per hour and area of service)

Number of taxis in the network (44 — taxis per per hour and

Small fleet

Low demand High demand

Figure 3-5 Driver cost (Z,) of each demand and supply configurations for the dispatching market

Figure 3-5 shows the driver costs for each combination of demand and supply. The
combinations of demand and supply in region B have negative profits for the drivers,
while the combinations in region A present benefits for the drivers. Smaller number
of taxis produces higher benefits for the same demand level, but increments the
waiting time of customers and reduces the LoS (not shown in the figure). The
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diagonal lines are regions with fixed benefits, formed by different combinations of
demand and supply, but offer the same benefit to the drivers (iso-benefit lines).

Lower cost

Large fleet

2,1

Z.3 Higher cost

Number of taxis in the network (4, — taxis per per hour and
area of service)

Low demand High demand

Small fleet

Demand for taxi services (4,, - passengers per hour and area of service)

Figure 3-6 Customer cost (Z,) of each demand and supply configurations for the dispatching market

Figure 3-6 shows the customers’ total cost, presenting the same three regions
observed in the system costs. It can be observed that for the same demand level, the
costs are reduced as the number of taxis is increased (the waiting time is lower with

larger fleets). By representing the unitary costs (Z/)\ A) instead of the total costs, the
u

results shown in Figure 3-7 are obtained, where the minimum and optimum fleets
are represented using the formulations presented in Equation 3.23.

= = Optimum fleet

Large fleet

Higher cost for
taxi drivers

Number of taxis in the network (4, — taxis per per hour and
area of service)

Small fleet

Low demand High demand
Demand for taxi services (4,, - passengers per hour and area of service)

Figure 3-7 System unitary cost (z) of each demand and supply configurations for the dispatching market
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Figure 3-8 shows the waiting time and the driver and customer costs in relation to
the supply for a fixed demand.

totalcost  «-e-ee- users cost === =drivers cost Tw
\
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Supply for taxi services (vehicles per hour and area of service)

Figure 3-8 Waiting time, customer, driver and system costs of different demand levels for the dispatching
market

Point A represents the maximum supply that will provide taxi services at zero profit
(refered as second best solution in the literature). In this case all the costs are
composed of the customers’ costs since the balance between income and costs of
taxi drivers is zero. Higher fleet sizes cause low customer cost due to the low waiting
time, but a higher cost for drivers, due to the low income. Calculating the unitary
costs, the results shown in Figure 3-9 are obtained, presenting a minimum global
cost (M-first best solution) and a drivers” minimum fleet (N-second best solution).

user cost  ceeeeee total cost per user ~ ===-=driver cost per user Tw
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Supply for taxi services (vehicles per hour and area of service)

Figure 3-9 Waiting time, customer, driver and system unitary costs of different demand levels for the
dispatching market
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Each demand level has a fleet size M for which the total unitary cost is minimum
(first best). It can be observed that for this supply size the cost of the drivers is
positive, which means that the benefits are negative. The second best (N) is the
point where the costs of the taxi drivers are zero, which implies an increase in the
waiting time. Taking into account the benefit of the taxi license, a third point (T)
could be identified, where the benefits for the license holders are equal to the
expected benefit (B).

The expected benefit can be calculated as the opportunity cost of the taxi license
value in comparison with a more secure investment. A detailed discussion and
methodology is presented in CENIT (2013).

The formulation of the second best solution can be obtained by solving the Equation
3.32:

A rA'2 rA'2 ] (3.32)

Zd:—_lu(D'F 'Tk‘m)+lu' -SCkm+/1d-Ch =0

VOTd
1
Au [D + rATZ (Tkm - ngm)] (333)
Ad = Ch
The formulation of the point T is presented in Equation 3.34:

B 3 rA'/2 3 rA'/2 c 2oz (3.34)

Zd_VOTd_u'(D+T'Tkm)+ u &Cym +Aa - Cp[ =B

Y
B-VoTy ; |p +rA2 2 T —kam)] (3.35)
Aa =

Cr
3.5. Application to the stand market

3.5.1. Calculation of the number of taxi stands and the related access time

In the case of the stand market, if the stand location is supposed to be uniform
within the region, the access distance can be approximated by a/2 (using a L1
metric), where a is the length of the squares generated by an orthogonal stand
network, as it is shown in Figure 3-10.

a/d+ald=a/2

Figure 3-10 Expected access distance to taxi stands.
Therefore the access time can be expressed as presented in Equation 3.36:

T, = — (3.36)

27y
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The number of stands (s) can be approximated by A/a?, where A is the area of the
region and a is the distance between stands (each stand serves an area of a?).
Assuming that the number of stands is related to the number of free taxis in the way

that there is always one taxi waiting in every taxi stand, the number of vacant vehicle
hours for finding the value of a can be used:

A ra'/z e (3.37)
S = ; = A/‘{d —A/’lu?E
i 1 (3.38)

1
rd /26
\/Ad_lu 20 2

Therefore, the access time can be formulated as:

1

1 3.39)
_ rA /2 £ ¢
Zvujﬂd ~ 57

T, =

3.5.2. Optimization of the fleet size

Taking into account the defined objective function and the approximations for the
different variables presented above, the customer and driver costs can be rewritten

in terms of demand (pax/hour), supply (number of taxis) and area of service for the
stand market.

1
/
1 rAY2 D +rA2 Z'Tkm
Zu= e || g ey Oy | (3.40)
2o (1, -2, TAL2E
l RO ey |
CAac A A D+rA1/2 e rA'z ¢ oo
=Vor, | "2, ¢ R P S R G4
A rA'/2 rA'2 '
=VOTd _Au(D+TTkm)+AuT€/ZCkm+/1dCh
_ CsS _ CS AL Al T'Al/zé' (342)
T VoT; VoT,| " Y25 2 :

Deriving the Equation 3.40, Equation 3.41 and Equaiton 3.42 formulations with
respect to the supply:

aZu _ Au CA- Ay.
g
¢ _ a2 e\ (3.43)
4-17u /1[1 - Au 2—]77
0Z, A-Cp
= v, (3.44)
a_G Ay (3.45)
g VoT,
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And the optimum supply is the one presented in Equation 3.47:

/1u 'A'aA. 'VOTd

Josep Maria Salanova Grau - 2013

A'(Ch+Cs)=

A, VoTy

u 2y 2

rAl/Z €
/‘ld = /‘lu +

2w 2

/3
4v,(C, + C5)>

3
rA1/2 s)

(3.46)

(347)

where the first term is the minimum fleet size for serving all trips and the second
term is the extra fleet needed for providing a better LoS to customers, while
maintaining a satisfactory profit to taxi drivers. The constant value of this extra fleet
is directly proportional to the VoT and inversely proportional to Cjand 7,
presenting similar behavior as the one observed for the dispatching market.

= = Minimum fleet

= === Extra fleet

Optimum fleet

Number of taxis in the network

City area (A - km2)

Figure 3-11 Minimum, extra and optimum fleet in relation to the city area

Figure 3-11 shows the minimum and the optimum fleet sizes obtained by the
formulation presented above in relation to the area size for a generic case. It shows
that the extra fleet grows linearly in relation to the city size, while the minimum fleet
grows with a higher exponent. The number of extra taxis in relation to the extra fleet

decreases as the area grows.

= = Minimum fleet

===-=Extra fleet

Optimum fleet

Number of taxis in the network

Demand for taxi services ( 4,- passengers per hour and area of service)

Figure 3-12 Minimum, extra and optimum fleet in relation to the demand for taxi services
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Figure 3-12 shows the optimum fleet as the sum of two components, the minimum
fleet and the extra fleet, in relation to the demand level. As seen, the relation
between the minimum fleet and the extra fleet decreases as the demand level
increases.

The associated access time to the optimum supply is presented in Equation 3.48:

_217_u

r 1 1 (4@(Ch+cs)>1/s ( (€ +C) )1/3 (3.48)
A e —— ————— =

y Ay VoT, 20,02 a,VoT,
rA/2 e

20y |da = hu—57

-1
(ZaAVon v_z) /3
(Ch + Cs) w

The access time is multiplied by the same factor commented above (directly
proportional to the VoT and inversely proportional to Cy, ).

Finally, introducing all Equation 3.47 and Equaiton 3.48 into the generalized cost
function:

(3.49)

A4 Cy + rAl/z(Ckm € apy

VOTd U 2 + T) + AuaATA*

Zy+Z;+G=A £
u o VoT 2 o

+ sCs

Where the first term corresponds to the fixed hourly cost of the taxi fleet, the
second term represents the customer variable cost due to the trips and the final
term is the access time cost of the customers. Rearranging the terms and introducing
the formulations of the optimum fleet (Equation 3.47) and minimum access time
(Equation 3.48) the following actors (Equation 3.50, Equayion 3.51 and Equation
3.52) and system unitary costs (Equation 3.53) are obtained:

1
—1/ 1 TA /2
2a,VoT, 3 rA2 D+ 5 " Tkm
Z, =M1, -A- o [ . 3.50
u =My ay ((Ch T C) nm ) +ay 25 + VoT, (3.50)
rAl/Z rAl/Z e (3.5])
Zg =VOTd _Au'(D+T'Tkm)+/1u'TE'Ckm
(s rA1/2£+( A,a,VoT, )2/3 :
“ 20 2 \45.(C, + Cy) n
LG AG ( Ay, VoT, )2/3 (3.52)
" VoT;  VoT, \4v,(Cp, + Cy)
_1
Z,¥Za+ G Cp TAT2e L35 VOl /3 rAl/z(ckm . azv) (3.53)
1A Vol, 25 2\t Coa,l 7 Wor, 2t %

By representing the unitary costs, the results shown in Figure 3-13 are obtained,
where the minimum and optimum fleet are represented using the formulations
presented in Equation 3.47.
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Figure 3-13 System unitary cost (z) of each demand and supply configurations for the stand market

Similar characteristics as the commented in the dispatching application can be
observed in Figure 3-13 and Figure 3-14.
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Figure 3-14 Waiting time, customer, driver and system unitary costs of different demand levels for the stand
market

The formulation of the second best solution can be obtained by solving Equation
3.54.

1 1
rA'l2 rA'l2 eC 3.54
) + Ay -5 o+ A Ca| = 0 G5

A
Zyg=——|-Ay- (D
d VoT, u(+
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rats eckm)] (3.55)

The formulation of the point T is presented in equation 3.56:

A rA'/2 A2 €Cim (3.56)
Zd:VOTd A (D + “Tem) + Ay P ' 2 tAq-Cp|=B
1
B-VoT rAl2 eC 357
a 4+ Au (D + 2 (Tkm — zkm)] ( )

Adz

3.6. Application to the hailing market

In the case of the hailing market application, environmental issues should be taken
into account since taxis are constantly circulating and their impact on the other
drivers depend not only on the demand for taxi trips but also on the fleet size. In
order to do this, the relation between the density and the average network speed
will be used.

3.6.1. External costs

The estimation of the impact of circulating taxis on the average speed is presented
below. Geroliminis and Daganzo (2008) demonstrated that a well-defined
Macroscopic Fundamental Diagram (MFD) relating vehicle flow and density exists at
network level besides the fundamental diagram relating these variables at a corridor
level, as stated by Greenshield (1935). The MFD is independent of the demand, but
the following characteristics are needed for proving its existence (Geroliminis and
Daganzo, 2008):

e Homogeneous congestion and network topology

e Slow variation of the demand

e Redundant network (multiple routes exist between the same pair of zones
within the network)

The speed-density relation of the MFD will be a steady decreasing function based on
real data, however it can be approximated by the simplification that the relation
between speed and density is linear (as proposed by Greenshield 1935):

speed 1+

vl

v2

>
>

k1 k2 density

Figure 3-15 Speed-density linear relation
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where,

v1 is the average speed of the network if there were no taxis

k1 is the average density of the network if there were no taxis

v2 is the average speed of the network with the presence of taxis

k2 is the average density of the network with the presence of taxis

a is the relation factor between speed and density

The relation between the speed and the density can be expressed as follows:

v2=vl—a(k2—kl) (3.58)

Taking into account that the distance traveled by the hailing taxis during one hour is
equal to the speed, and using the time traveled by the cars as expressed in Equation
3.18 divided by the speed, the densities can be expressed as presented in Equation
3.59:

k2= k1=, — (A + Ay o) = 2, 22 3.59
2-kl= "_(v-l_ d0.5*rA1/2>_ 1 rpl/2 (5:5%)
Introducing the Equation 3.59 into the Equation 3.58:

2 * V2 (3.60)

v2=vl— (Z/1d TA—l/Z
2 (1+2 A\ (361)

v +2«a—— a12) " v
vl

b2 = N (3.62)

1+2xa——"% A1/2

Therefore, the drop of speed (i. e. the impact of taxis in service on the road network
performance) can be expressed as presented in Equation 3.63:

Av 1
1 +rA1/2

The increase in the travel time of the other drivers can be calculated in a very
compact way, as follows:

A
Noe ppg AR Al rA1/2(1 1) ra2(1+2xann g
T T2 2o 2 \w2 w1/ 2 vl vl
(3.64)
A4
rA1/2 2ra—35 A1/2_ Aq
2 v Y

More realistic formulations for the relation between the speed and the density are
presented and developed below, but they will not be used for the costs formulation
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due to their complexity. The compact expression obtained in 3.64 for the increase of
the travel time will be used for the estimation of the optimum fleet size.

Greenberg (1959) proposed a more realistic approximation for the relation between
speed and density, which is exponential. Similar developments are presented below
in order to estimate the impact of the presence of taxis in the average speed of the
network.

k= ae/p) (3.65)
The speed can be expressed as a function of the density as follows:
v=—Bin(*/y) (3.66)

And the speed variation due to the presence of taxis as follows:

v2 — vl = —,B(ln(kz/a) - ln(kl/a)) =B l"(kl/kz) (3.67)
(3.68)
2=v1+p1 k1 =vl+pf1 Avvz
V2= viHf i p)=vi b in Avwml
(3.69)
Ay
vl=v2-In 7
Ay + Aa 0.5 * rAl/2

Finally, the increase of the travel time can be expressed as a function of the new
speed.

(3.70)

rAY?2  rAY2  ppl/2) q 1
At = t2-t1= - = ——
2v2 2vl 2 v2

v2—LIn

This calculation of the increase in the travel time presents two complications, on the
one side it provides a more complex mathematical formulation and, on the other
side, it uses the new speed instead of using the original speed, which depends on the
number of taxis.

The same results are obtained when using the exponential model presented by
Underwood (1961) replacing the logarithm with an exponential.

The environmental costs and fuel consumption can be approximated by Equation 3.5
and Equation 3.6 but, in order to simplify the expressions, they will be considered
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equal in the situation with and without taxis. The impacts will be calculated as the
pollution generated and the fuel consumed during the extra travel time, instead of
calculating the new emission factor and fuel consumption for the new average
speed.

3.6.2. Optimization of the fleet size

The operating kilometers per hour can be estimated by the product between the
number of taxis per hour and the speed (1;4v).

Taking into account the defined objective function and the approximations for the
different variables presented above, the customer and driver costs can be rewritten
in terms of demand (pass/hour), supply (number of taxis) and area of service for the
hailing market. Introducing the formulations presented by Fernandez et al. (2008) for
the waiting time and the formulations presented for the dispatching model for the
average trip distance and duration to the generalized costs presented in the model,
costs can be defined as follows:

[ 1 ]
| A ra' D+ A22 Tiem |
Zu:Au'A' aA'0+aw' 1 +a]V' — + (371)
_ rA /2 2v
l v Ald Aﬂ.u 27 J
1
dg A A/z B
Zd = VOT —Z( 'Tkm)+v'Ckm+Ch (3.72)
1 1
rA2  rA'l
7 3 ra2 ra'l2 AFC+CE'<2*172_2*171)’E‘1 Ag+A-Cg-Eg
=N A2 T e VoT, Vo, (3.73)
A Cg - E F, Ag-A-Cg-E
—1,-A u<1+ E Za T )] d EEq
1 VoT, VoT, VoT,

Finding the derivative of Equation 3.71, Equation 3.72 and Equaiton 3.73 with
respect to the supply:

aﬁ _ Ay Aoy - U
g . A2\ (3.74)
ola = Au—5—
0z A
aﬁ,d VOTd [U Ckm+Ch] (3.75)
BZC _ ald CE Ed F;v CE . Ed
E_A(vl ( VoT, +V0Tu) Von) (3.76)
And the optimum supply is the one presented in Equation 3.77:
_ alg Ay Aay v
VOTd v- Ckm + Ch + H(VOTd + CE . Ed + FC) + CE . Ed] = - ) rA1/2>2 (3.77)
VAg = Ay =5 —
) 2 (3.78)
=1 rA'/2 + AyawVoTy
a7
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Where the first term is the minimum fleet size for serving all trips and the second
term is the extra fleet needed for providing a better LoS to customers, while
maintaining a satisfactory profit to taxi drivers and respecting the congestion level
created by the taxis. The constant value of this extra fleet is directly proportional to
the VoT and inversely proportional to C;,, Cxy,, V and a, presenting similar behavior
as the one observed for the dispatching market.

= = Minimumfleet  ===-=Extrafleet

Optimum fleet

Number of taxis in the network

City area (A - km2)

Figure 3-16 Minimum, extra and optimum fleet in relation to the city area

Figure 3-16 shows the minimum and the optimum fleet sizes obtained by the
formulation presented above in relation to the area size for a generic case. It has a
similar behavior to the other operation modes.

= = Minimumfleet  ===-=Extrafleet

Optimum fleet

Number of taxis in the network

Demand for taxi services( 4,; passengers per hour and area of service)

Figure 3-17 Minimum, extra and optimum fleet in relation to the demand for taxi services

Figure 3-17 shows the optimum fleet and its composition (minimum fleet and extra
fleet) in relation to the demand level. The relation between the minimum fleet and
the extra fleet decreases as the demand level increases.

The associated waiting time to the optimum supply is the one presented in Equation

3.79:

Pag. 109 of 233



Modelling of taxi cab fleets in urban environment Josep Maria Salanova Grau - 2013

AyayVoTy

/( rA'/2
Tw=| | Ay—+

\ 2 <ﬁ<ﬁ~ckm+c,,+";—ﬂld(1/ord+CE-Ed+FC)+CE-Ed

|
) |

_ aly /2
B <U-Ckm+Ch+W(Von+CE »Ed+Fc)+CE-Ed)

Y, 3.79
)

-1

AyvayVoTy,

Y,
ayVoTy N
= al ey
ﬁ-Ckm+Ch+v—1d(Von+CE “E;+F)+Cp-Ey

The waiting time is multiplied by the same factor obtained in Equation 3.78 (directly
proportional to the VoT and inversely proportional to Cy,, Cxy, Vand a). Finally, by
introducing the Equation 3.78 and Equaiton 3.79 into the generalized cost function,
Equation 3.80 is obtained:

1
Ad*(Ch + 17Ck ) rd /2 "
VOTd m +Aua1V 5 + AuawTW + AV

ald(l CEEd FC )] ldACEEd
vl VoT, VoT, VoT,

3.80
Zu+Z4+Z,=4A (380)

where the first term corresponds to the fixed hourly cost of the taxi fleet, the second
term represents the customer variable cost due to the trips, the third term is the
waiting time cost of the customers and the final term is the congestion cost of the
other drivers. Rearranging the terms and introducing the formulations of the
optimum fleet (Equation 3.17) and minimum waiting time (Equation 3.18) the
following actors (Equation 3.81 and Equation 3.82) and system unitary costs
(Equation 3.83) are obtained:

—1/2 1/ - TA1/2
awVoT, _ T4 /2 2 " Tkm
Zu z}{u'A' Ay - al Auv +a1V' 25 + VoT. (3.81)
U Ciem + Cn + 57 u
2
s -l rA'/2 . Ayt VoT, Al (D s rA'/2 )
a= u T 5 — My Tkm
20 \p (17 “Cm + Cp + ‘fﬁ”) VoTy 2 362
+ V- Cym + Ch]
Zy =2 ~A[%(1 Ce Ea | F )] Aq - A-Cg - Eq (3.83)
Vo vl VoT,  VoT, VoTy
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L 2 (3.84)
Z,+Z,+2, |rAl2 ayVoT, 7+ Ciem + Ch,

= — 4 . Ay
A, A 20 5, (17, Com + Ch +01c]/111;) VoT,

ayVoTy, N\ ra'/2
'<17-ckm+ch “") taw 5t

1 %(1 Ce-Eq K )] Ag - Cg-Eq
wLvl VoT, VoT, A, VoT,

1
_ al /2
ay (U'Ckm+ch +v_1v) T'Al/z
+

=2
VoT, 2y, 29

al,

17Ckm+Ch+ 171

VOTd

1|:Ofld(1+CEEd+ F;: )] Ad'CE'Ed
Ayl vl VoT, VoT, A, VoT,

+ ayy +Ay

By representing the unitary costs, the results shown in Figure 3-18 are obtained,
where the minimum and optimum fleet are represented using the formulations
presented in Equation 3.78.

= = Optimum fleet ««e««esMinimum fleet

Higher cost for
taxi drivers

Number of taxis in the network (4,4 — taxis per per hour and
area of service)

Low demand High demand

Demand for taxi services (4,, - passengers per hour and area of service)
Figure 3-18 System unitary cost (z) of each demand and supply configurations for the hailing market

Similar characteristics as the commented in the dispatching application can be
observed in Figure 3-18 and Figure 3-19.
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Figure 3-19 Waiting time, customer, driver and system unitary costs of different fleet sizes for the hailing
market

The formulation of the second best solution can be obtained by solving Equation
3.85:

5 e A A D+rA1/2 P (3.85)
a= VoT, Ad( 2 Tikm) + 7 Cym n| =
rA'/2 (3.86)
_ ;{u(D + T : Tkm)
A G Cym + Cn

The formulation of the point T (Figure 3-19) is presented in Equation 3.87:

2y = |-t 1)+r'41/2 +7Cyn+Cy| =B (387)
da= VoT, Ad( 2 Tkm) + 7 Crm h| =
1
rA/2 3.88
1 Ay (D +T'Tkm) ( )
d = .
ﬁCkm+Ch—B ZOTd

3.7. Comparison between the hailing, the dispatching and the stand taxi
markets

In order to identify the optimum operation mode for each range of demand and to
identify the most significant variables and parameters that define these ranges, a
comparison of the three developed models is presented below. Reference values for
the demand, the supply and the area (which defines the average trip distance) are
used for generating the comparative analyses.

e Demand for taxi trips: 25 - 50 customers per hour and km?

e Area of services: 100 - 400 km?
e Supply: 15 - 35 taxis per hour and unit of area of service
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The analyses done below are based on the variation of one of the three variables
within the whole range while the other two values remain constant and equal to the
average value of the above ranges.

== Dispatching mode = = Hailing mode  +::-:+ Stand mode

Unitary cost (hours/trip)

o ~ w0 o
~ ~ ~ ~N

2
1,

2
2,
2
3,

2

24,5

o n
~ow o
~ ~

Supply for taxi services (taxis per hour and area of service)

Figure 3-20 Unitary costs for various fleet sizes and operation mode

For fixed demand (A, = ct) and area (A = ct) levels the following can be stated from
Figure 3-20:

e The stand mode has the lowest unitary cost of operation if the taxi fleet is
small.

e The hailing mode has the lowest unitary cost if the taxi fleet size is medium.

e The dispatching mode has the lowest unitary cost if the taxi fleet is large. It
should be taken into account that there are technological barriers since a
dispatching center and the respective software should be implemented and
maintained.

= Dispatching mode = = Hailing mode  +-:+-++ Stand mode

= - = = =
P W B n 2
S S =1 S

Unitary cost (hour/trip)

=}

dddddddddddd

244
253
= 262
271
280
289
298
307
316
325
334
343
352
361
370
379
388
397

Figure 3-21 Unitary costs for various area levels and operation mode

For fixed demand (4, = ct) and supply (14 = ct) levels the following can be stated
from Figure 3-21:
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e The dispatching mode has the lowest unitary cost of operation in small to
medium regions.

e The hailing mode has the lowest unitary cost in medium to large regions.

e The stand mode has the lowest unitary cost in very large regions.

= Dispatching mode = = Hailing mode  +-++++« Stand mode

30,00

25,00

20,00

15,00

5,00

Supply for taxi services (taxis per hour and area of service)

0,00

mmmmmmmmmmmm

Figure 3-22 Optimum fleet size for various area levels and operation mode

In the case of fixed demand level and independently of the area, the hailing
optimum fleet is the smallest one, while the stand optimum fleet is the largest.
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Figure 3-23 Unitary costs for various demand levels and operation mode

For fixed supply (15 = ct) and area (A = ct) levels the following can be stated from
Figure 3-23:
e The stand mode has the lowest unitary cost of operation for low demand
levels.
e The dispatching mode has the lowest unitary cost for low to medium demand
levels.
e The hailing mode has the lowest unitary cost for high demand levels.
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== Dispatching mode = = Hailing mode  +++++++ Stand mode
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Figure 3-24 Optimum fleet size for various demand levels and operation mode

In the case of fixed area, the dispatching optimal fleet is the smallest one for low
demand regions, while the hailing optimal fleet is the smallest one for high demand
regions. The stand optimal fleet is the largest independently of the demand level.

It is important to highlight that three parameters have great influence on the above
comparisons: the operational cost, the average speed and the VoT. The relation
between these three parameters defines the demand ranges where each operation
mode has the minimum unitary cost. The analytical formulations showing the above
statement are presented in Equation 3.90, Equation 3.94 and Equation 3.96.

3.7.1. Mathematical formulation of the demand levels with equal system
costs

The mathematical expressions of the points where the unitary costs are equal for
each pair of modes of operation are presented in Figure 3-25:

——Dispatching mode ~ — — Hailing mode ~ ==----- Stand mode

Unitary cost (hours/trip)
5
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.........
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47,12
47,78

Figure 3-25 Unitary costs for various fleet sizes and operation mode
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Figure 3-25 defines the ranges where each operation mode provides the minimum
unitary cost. The analytical formulations of the intersection points of Figure 3-25 are
provided below.

3.7.1.1. Dispatching versus stand

When comparing the unitary cost of the dispatching and the stand markets, it is seen
that their basic difference is the cost of taxis traveling to the origin of the customers
in comparison of the costs of customers walking to the taxi stands. This can be
mathematically expressed as follows:

ralz ¢ (Ckm+ch/v) _ VoT, Ty %Ay -/ VoTv% 2, -3 (389)
2 2 VoTg _(1 35 ) - (0‘926 )

T (CrCs)aa? (awm)?Ch

The extra cost for taxi drivers for picking up the customers at their origin is
expressed on the left side of the Equation, while the difference between the waiting
time and the access time of customers is expressed on the right side. The demand
level for which the two unitary costs are equal can be expressed as follows:

_1 3 3.90
- /3 . _1/3\ ( )
1,35 u . (0,926—2>
' (C, + CoVoT a, (wr Vo Ch |
| rA2 (Con + €1/ € |
Higher demand levels than this value will produce lower unitary costs when served
by the stand market. The difference between the trip speed (v) and the pedestrian
speed (1) weighted by the operational costs has a clear effect on this value. In

congested hours it would be cheaper for customers (and for the system) to walk to
taxi stands rather than wait for the taxi to pick them up.

/1 ’

ups =

3.7.1.2. Dispatching and stand versus hailing

The formulations obtained for both comparisons are very similar due to the fact that
the optimum costs for both operation modes have very similar expressions. The
point of equal unitary cost for the dispatching and the hailing modes can be
expressed as follows:

1
rA'lz al 1 fal Ce-Eq F 3.91

[(e—l)(ﬁ-Ckm+Ch)——d —Av-——d(1+ £ d+—“)] (391
2vVoT vl A, lvl VoT, VoT,

Ad * CE * Ed
luVOTd
_ al /2
ay (U “Cym +Cp + vlv) V0T1_72/1u -3
=2 —_ A
VoT, Ay, < (aWr)zCh>

The difference between the extra distance traveled by the drivers when traveling to
the customers origin in the dispatching mode and the extra distance of the taxis
circulating constantly in the hailing marked are compared to the external costs of the
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hailing market in the left side of Equation 3.91, while the difference between the
waiting times is expressed on the right side of Equation 3.91. The formulation for the
stand mode is presented in Equation 3.92:

1
rA2 e al 1 raA, Cy - E F, 3.92

(G- 1)@ G+ 0 =8 =, [ (14 P F ) (392)
2vVoT I\2 vl A, Lvl VoT, VoT,

Ad * CE * Ed
AuVOTd
_ al /2
aw (17 “Cgm + Cp + vlv) VoT, 02 Ay, -
=2 —135———F7——
VOTd'l?Au < (Ch + CS)CZAZ)

In order to simplify Equation 3.91 and Equation 3.92, two hypotheses are proposed:
The elimination of the externalities of the hailing market and the elimination of the
extra distance traveled from/to the stands to the customers’ origin and destination
(¢ = 1). For the dispatching market Equation 3.94 is obtained:

aw(ﬁ * Ckm + Ch) 1/2 — (0926 VOTl_izﬂu - 3 (3' 93)
VoTyvA, T (ayr)c,
p O(7 - Cemn + Cp)? (3.94)
A = 6.86——m T hT
bH VoT,(ayr)*Cy?

Very similar formulations are obtained for the stand market:

1 _1
5 (@@ Ciom + o) 2 L g5 VTt /s (3.95)
VoT, v, TG+ Cay?
Uy aw? (7 - G + Cp)® (3.96)
1 = qagl ot (Gt C)?
UsH T T VoT,

3.8. Impact of pricing in the taxi model

The impact of the pricing in the models presented in the chapters above is internal,
since the monetary cost of the trip applies to the customers and the drivers with
opposite sign, having no impact in the system cost. This internal cost has an impact
on the viable number of taxis from the driver point of view. The formulations related
ot the second best solution above include the trip cost, which means that the
second best solution can also be achieved by increasing the cost for taxi trips. This
sub-chapter analyses this possibility by introducing elastic demand in the
formulations, since the increase of tariffs will create a reduction on the demand for
taxi trips.

An exponential demand function of the customers’ utility similar to the one
proposed by Wong et al. (2001) is used in order to analyze the impact of the pricinig
policy (Equation 3.97). The utility function of the users is composed by the waiting
time and the trip monetary cost calculated as a flag-drop and the trip distance
multiplied by a kilometric cost in temporal units.

Pag. 117 of 233



Modelling of taxi cab fleets in urban environment

where,

Aa=1,€

1
D+%
—V(‘XW'TW"‘T

7. is the maximum demand for taxi trips
y is the scaling parameter
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(3.97)

The fact that the demand depends on the waiting time and, at the same time the
waiting time depends on the demand creates the necessity for an iterative bi-level
optimization problem, where the optimum fleet is calculated at the upper level by
minimizing the unitary system costs while the waiting time related to this supply and
the demand related to this waiting time is calculated at the lower level.

Trip cost

Upper level
Optimum
supply
A
Lower level \ 4
P»  Demand W?Itmg
time

Figure 3-26 Bi-level optimization problem with elastic demand

Applying the formulations of the waiting time and the optimum supply presented in
the dispatching market, and calibrating the model with elastic demand and the
waiting time related to this elastic demand, Figure 3-27 is obtained, depicting the
convergence of the total demand and waiting time as the number of iterations

increase.
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Figure 3-27 Demand and waiting time obtained from the bi-lvele optimization problem

The results of the optimization problem are independent of the initial waiting time
value, as shown with the convergence of the values in Figure 3-28.
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Figure 3-28 Convergence of the demand and the waiting time

The above methodology is applied for various fleet sizes and fees, obtaining the
demand for taxi trips for each pair of values (number of taxis and applied fare).
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Figure 3-29 Effect of fares and fleet size on demand for taxi trips

Two regions can be observed in Figure 3-29. One region is identified where the
number of taxis is very low and the demand does not depend significantly on the
fare (between 16 and 22 taxis per km? and hour). The second region represents a
large taxi density where the demand highly depends on the fare (between 22 and 34
taxis per km? and hour). The customers are more sensible to the waiting time for low
taxi densities, where the fare has small impact on the demand. Oppositely, for large
fleets, the waiting time is not the constraining factor that customers take into
account, as opposed to the monetary cost of the trip itself.

The same analysis can be conducted for the drivers’ profit, the consumer surplus and
the social welfare.
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Figure 3-30 Effect of fares and fleet size on drivers’ profit

The maximum profit (MP) is obtained with a low number of taxis and high fees,
which can be related to a provision of high-quality services to a demand sector with
high economic possibilities. Oppositely, the maximum consumer surplus (MCS) is
obtained with large fleets and low fares as depicted in Figure 3-30.
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Figure 3-31 Effect of fares and fleet size on consumer surplus

Combining the consumers’surplus and the producers’s surplus, the social welfare is
obtained where the optimum region (MSW) is defined by both the maximum
consumers’ and producers’ surplus.
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Figure 3-32 Effect of fares and fleet size on social welfare

The results presented in Figure 3-29, Figure 3-30, Figure 3-31 and Figure 3-32 are in
the same line with the results presented in Figure 2-15 and Figure 2-16 by Yang et al.
(2002).

3.9. Adaptation of the optimal fleet size to the shifts policy

The optimum taxi fleet size of the above models is quantified in vehicle-hours per
hour, and should be obtained by real taxi fleets by applying policies and regulations
to the taxi sector. Most of the taxi markets around the world have regulated the
working days of the taxis in order to regulate the externalities produced, while
protecting the drivers themselves. These shifts can have various durations, from 2
hours to 8 hours.

An optimization algorithm has been developed for adapting the shifts policy to the
results obtained by the model. The algorithm calculates the shifts policy to be
applied in order to provide the optimum fleet size at each time interval. The
algorithm solves an optimization problem, which tries to minimize the difference
between the optimum and the provided taxi-hours during the day.

24
minZ(Oi* _ 45,2 (3.98)
i=1
Subject to:
AS; > 0; (3.99)
24
Z S, =M (L/l) (3.100)
i=1
S, >0Vi=1:24 (3.101)
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where,

O; is the optimum number of taxi-hours during hour i
AS; is the number of taxi-hours during hour i

0, is the minimum number of taxi-hours during hour i
S; is the number of taxis starting their shift at hour i
M is the maximum daily number of taxis working

L is the maximum daily working hours per driver

L is the duration of the shift

lifi<j<i+l

A is the shift matrix, where Aij={ 0 elsewhere

The algorithm minimizes the objective function based on Quasi-Newton Methods
and Function Splitting (Brayton et al. (1979)).

The difference between the supply level provided by shifts policy and the optimum
supply level can be easily measured as the area between the two curves. An example
is presented in Figure 3-33.

Real supply
Optimum supply
_____ Minimum supply

Vehicle-hours

B Over-supply
s B uUnder-supply

Figure 3-33 Real, optimum and minimum supply during the day

The impacts of the differences between the two curves can be estimated by using
the formulations presented in the proposed model. They are basically
increase/decrease of waiting time of customers and increase/decrease in the
benefits of taxi drivers depending on the sign of this difference. More taxis than the
optimum value will reduce the waiting time but will also reduce the benefits of the
taxi drivers. In comparison, less taxis than the optimum value will increase the
benefits of the taxi drivers, but will at the same time increase the waiting time of
customers.

3.10. Elasticities of the three modes of operation

Using the formulations obtained above, the elasticities of the cost function with
regards to the demand, the supply and the value of time can be obtained both
analytically and empirically.
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3.10.1. Elasticity of the dispatching model

The total cost of the system can be expressed as presented in Equation 3.102:
] (3.102)

0,4r |

| 24Cn rA'/2 ( Com €y

Z=A + —+T>+/1
IVon vy \vor 2" 5 )T %

l v /’{d_/'lu

I
rAl/ 2 |

20 ©

The derivatives of the cost with respect to the supply, the demand and the value of
time are presented in Equation 3.103, Equation 3.104 and Equation 3.105:
[ ] (3.103)
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The elasticities of the cost with respect to the supply (E7,,), demand (Ez; ) and
value of time (E y,r) are:
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(3.108)

Using the analytical formulations, the variation of the system costs in relation to the
variation of each variable can be calculated per actor and is presented in Figure 3-34:
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Figure 3-34 Elasticity of the total costs with respect to the supply for the dispatching market

The relation between the variation in the supply and the variation in the driver costs
is directly linear, while the relation between the variation in the supply and the

variation in the customer costs is inverse and non-linear.
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Figure 3-35 Elasticity of the total costs with respect to the demand for the dispatching market
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The relation between the variation in the demand and the variation in the driver

costs is inverse linear, while the relation between the variation in the supply and the
variation in the customer costs is almost directly linear.

= System costs

Driver costs == User costs

-/
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Figure 3-36 Elasticity of the total costs with respect to the value of time for the dispatching market

The relation between the variation in the VoT and the variations in the driver and
user costs directly linear.

3.10.2. Elasticity of the stand model

The total cost of the system can be expressed as presented in Equation 3.109:

(3.109)

=A AaCr rA'f2 ( Crm € L v 1
“Nvor, " 2
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The derivative of the cost with respect to the supply, demand and value of time is
presented Equation 3.110, Equation 3.111 and Equation 3.112:

(3.110)
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The elasticities of the cost with respect to the supply (Ez,,), demand (E; ) and
value of time (Ez y,r) are:
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Using the analytical formulations the variation of the system costs in relation to the
variation of each variable can be calculated and is presented in Figure 3-37:

Pag. 126 of 233



Modelling of taxi cab fleets in urban environment Josep Maria Salanova Grau - 2013

= System costs Driver costs ~ ==User costs

= \ /
-3
a
3 5%
o
=
=
£ T T T T 0% T T T T |
-£00% -80% -60% -40% -20% o) 20% 40% 60% 80% 100%
3 5%
&
= / 0% \\

_— AN
e | NN

2 I:%
Variation in the costs

\

Figure 3-37 Elasticity of the total costs with respect to the supply for the stand market
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Figure 3-38 Elasticity of the total costs with respect to the demand for the stand market
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Figure 3-39 Elasticity of the total costs with respect to the value of time for the stand market
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3.10.3. Elasticity of the hailing model
The total cost of the system can be expressed in Equation 3.116:

(3.116)
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The derivative of the cost with respect to the supply, demand and value of time is
presented Equation 3.117, Equation 3.118 and Equation 3.119:
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The elasticities of the cost with respect to the supply (Ez,,), demand (E; ) and
value of time (Ez y,r) are:

(Ch + 17Clcm) 1 Av a 3120
Vor, ~ ‘Muw 2 T ToT, v (3.120)
7 (/ld e >
Ezp, =
© (Gt ) | rAl/Z_l_A_ua 1 A
VOTd Ad v Zﬂ'd )'d w _ TA1/2 VOTu vl
v (Ad u T)
1 1
_ rA'/2 rA'l2 (3.121)
Vs (vld - —5— > + —5—
ay —3—t+ay 2
_ rA'/2
g — h 5
EZ')Lu = _ 1
)ld(Ch+kam)+a rd /2+a 1 + Av *a_}{d
A VoT, V=2 w raz\ " AVoT, vl
v (ld — Ay ?>
zver _ rA'2 VoT, aly
Aq(Cp + TCim)+VoT A apy 5+ uaw e + 2, * -1
7 <,1d — Ay %)

Using the analytical formulations the variation of the system costs in relation to the
variation of each variable can be estimated and is presented in Figure 3-40:
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Figure 3-40 Elasticity of the total costs with respect to the supply for the stand market
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Figure 3-41 Elasticity of the total costs with respect to the demand for the hailing market
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Figure 3-42 Elasticity of the total costs with respect to the value of time for the hailing market
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3.10.4. Elasticity comparison between the three operation modes
The elasticitiy curves are very similar for the three operation modes.
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Figure 3-43 Elasticity of the total costs with respect to the demand for the three modes of operation

The elasticity of the system costs with respect to the demand ranges from 0.33 to
0.74 depending on the mode of operation and the absolute values of the demand.
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Figure 3-44 Elasticity of the total costs with respect to the supply for the three modes of operation

The elasticity of the system costs with respect to the supply ranges from -0.44 to -
6.15 depending on the mode of operation and the absolute values of the demand.
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Figure 3-45 Elasticity of the total costs with respect to the value of time for the three modes of operation

The elasticity of the system costs with respect to the value of time ranges from 0.78
to 0.97 depending on the mode of operation and the absolute values of the demand.

3.10.5. Elasticity of the demand to with respect to the fare

Using the formulation of the demand proposed in Equation 3.97, the elasticity of the
demand with respect to the fare is the one presented in Equation 3.123:

O Tam ___ TAT2 (3.123)

Zhu = 0Tkm My _YZVOTu Fiem

The elasticity is always negative, which means that an increase in the fare will
generate a decrease in the demand and viceversa.

3.11. Conclusions

A formulation for the dispatching, the hailing and the stand taxi markets based on
the generalized cost has been presented and studied, concluding in minimum and
optimum taxi fleets for different city sizes and demand levels. While the minimum
taxi fleet ensures that all trip requests will be served, the optimum fleet ensures a
minimum LoS to travellers while providing positive benefits to taxi drivers. This extra
fleet size is directly proportional to the value of time of customers and inversely
proportional to the speed and hourly operation costs of taxi drivers. The relation
between demand and supply has been presented for different city sizes. The
optimum fleet has been calculated mathematically and represented graphically,
providing in this last case its exact formulation. Analytic formulations of the first and
second best solutions have been also obtained for the three operation modes.

The findings prove that small cities or cities with low demand for taxi services must

have dispatching taxi market rather than a stand or hailing market. At the same time,
if the taxi fleet is large, it is recommended to have a dispatching market rather than
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a hailing or a stand one, which are optimal for medium to small fleets. The range of
the optimum demand level for each operation mode depends significantly on the
Value of Time, the network congestion and the operational costs of the taxi fleet.
Finally, a methodology for matching the optimum fleet size obtained by the models
to the current shifts policies has been proposed.

The impact of pricing on the demand and the Level of Service has been provided by
defining an elastic demand function. The optimum combination of fare and fleet size
have been identified, providing a small number of taxis and high fares as optimum
for the drivers, and a large number of taxis with low fares as optimum for the
customers. Elasticities of the demand with regard to the fare and elasticities of the
total system costs with regard to the demand, the supply and the VoT have been
provided for the different modes of operation in both analytical and graphical
format.

All the presented models need to be calibrated with real world or simulation data in
order to understand the behavior of the variables and to validate their hypotheses.
Agent-based models should be developed for simulating the drivers and customers
behavior in the network and support the proposed models with simulation results.
Further research is also needed in the demand estimation methods, since the
waiting time depends on the demand and at the same time demand depends on the
waiting time, forming a bi-level problem where the demand is obtained in the upper
level and the waiting time associated to the demand in the second level. Finally, real
time data and forecasting procedures should be applied to the taxi models in order
to evaluate the impact on the level of service and the income of taxi drivers. This
new characteristic of the taxi services will anticipate customer requests and traffic
condition in the city (as proposed by Wong and Bell (2006)), optimizing the
management of the taxi fleet.
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4. AGENT BASED MODEL FOR THE ESTIMATION OF THE TAXI SUPPLY

4.1. Introduction

One of the main limitations of the aggregated model presented in chapter 3 was the
assumption of uniform demand distribution over the region of service. Therefore, an
agent based simulation model has been developed, which considers the spatial and
temporal dimension of both the demand and the supply, providing more detailed
results.

Discrete-event simulations model a complex system as a discrete sequence of events
which occur at a particular instant. The agent-based model developed in this
document, which is based on discrete-event simulation, proposes the use of agents
running in a real city road network and taking their own decisions for completing as
many trips as possible. There are three basic types of agents, each one of which
correspond to the operational taxi modes.

4.2. Actors and variables presentation

The two basic inputs that define the system performance and costs are the supply
and the demand. The supply is determined by the number of taxis running in the city
network looking for a customer. On the other hand, the demand is composed by the
customers looking for a ride. Then, the three basic actors of the model are the city,
characterized by a street network and taxi stands, the taxi drivers and the
customers.

4.2.1. Input parameters

e Total demand (absolute value and geographical distribution)
e Supply (taxi fleet size and composition)

e Network congestion (vehicle flow in each link)

e Taxi fares (fixed fare and delay-time-based charge rates)

4.2.2. Dependent outputs

e The city
o Number of kilometers realized by the taxi fleet (veh-km)
o Number of hours the taxis are running in the streets (veh-hours)
o Number of trips realized by the taxi fleet
o Average waiting time of customers
o Average benefits of the taxi drivers
e The taxidrivers
o Number of kilometers.
= Number of occupied kilometers
= Number of vacant kilometers
o Number of hours.
=  QOccupied journey time
= Vacant journey time
o Taxi occupancy
o Vacant taxi headway

Pag. 135 of 233



Modelling of taxi cab fleets in urban environment Josep Maria Salanova Grau - 2013

o Benefits

e The taxi customers
o Waiting time
o Travel time
o Cost of trip

4.3. Input parameters and variables

The model simulates the real taxi market, where taxis are looking for customers.
Taxis and customers are modeled as agents, with their own rules, objectives and
behavior. In each time interval every agent is taking decisions, taxis are circulating
looking for a customer and customers are waiting or looking for a taxi. Three basic
agents are designed for the taxis, related to the three operational modes.

4.3.1. The road network

Let G (N, A) be a directed graph, where N is the set of nodes and A the set of links.
The set of nodes N contains nodes of the following types:

e Intersections between two links

e Taxistands

e Trip origin and destination zones

The set of links A has the following characteristics:
e Length (meters)
e Free flow travel time (minuts)
e Volume-delay parameters
e Flow of vehicles (veh/hour)
e Capacity (veh/hour)

4.3.2. The demand for taxi trips

Customers appear in each zone following a two-dimensional geographic distribution
considered to be uniform. The demand is generated by an origin-destination (OD)
matrix, which contains the number of trips between each pair of zones. In order to
generate the events, the OD matrix is converted into a vector containing for each
trip in the matrix, its origin, its destination and the starting time, which are
distributed uniformly within the time of the simulation. The demand level from each
origin to each destination is generated as presented in Equation 4.1:

where,
D;j is the demand for trips with origin in zone i and destination in zone j

fy is the probability density function of trips of zone k.

Hailing customers wait at the streets until a hailing taxi reaches them. Stand
customers wait at the taxi stand, forming queues served by a FIFO system.
Dispatching customers call for a taxi service before appearing in the network, and
then wait until the assigned taxi reaches them.
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4.3.3. Link performance function (Sheffield)

The speed of a taxi is considered to be equal to the speed of the rest of the traffic,
which is calculated using the link performance function (Sheffi, 1984), formulated
according to the proposal of the Bureau of Public Roads (BPR). It is presented in
Equation 4.2:

() = to, (1 + & (*V/c)P) (42)
where,
to; is the free flow travel time for the link i
a; and f3; are the i-link parameters (normally « = 0.15 and 8 = 4 for all links)
c; the capacity of the link i
x; the flow on link i

The rules of the developed model are presented in the following sub-chapters for
the different operation modes.

4.3.4. Pricing structures

The trip cost is calculated by using the same logic as the one used in reality. In
addition to the flag-drop charge, two counters are used for charging the cost
increments based on time or distance depending on the speed of the vehicle at each
moment. This is different to the methodology used in the aggregated model, where
the trip cost was calculated using only the trip distance and the flag-drop charge.

While moving, the taxi is calculating the trip cost using a distance-based charge or a
time-based charge, always charging the first value of both that reaches the roof
value (depending on the congestion of each link). Two counters are used, one for the
time (c}) and one for the distance (c?).

cha=ct+ || Gord,,, - Gy, | (+.3)

cZ . =c?+ At (44)

When one of the two counters reaches the roof value, the related charge is added to
the cost of the trip (c;) and the counters are set to zero.

ctifcl,, > M,

4.5
c?if 2, > M, (#3)

Ct41 = C¢ T+

where,

cl is the distance-based charge (euros per M; meters)

c? is the time-based charge (euros per M, seconds)

M, is the charging distance of the distance-based charge methodology
M, is the charging time of the time-based charge methodology
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4.4, Taxi-customer processes

Figure 4-1 shows the time distribution and relation of the customers and the taxis in
the three markets.

Time
ﬂ) I Wwaiting time
Dispatching{ Customer — D Accesstime |
: |||ih||||||||||||.... ([ In-vehicletime
Taxi _ Headway time
Cust ety 2 D
ustomer ; ,
i | O, pewey |
Taxi | — ——
Stand Customer H . Customer waits
. (customers queue)
Taxi 1T T 1
Stand Customer “ oy Taxi waits
i _ (tamsqueue)
Taxi
v

Figure 4-1 Time distribution of the customers and the taxis

4.5. Logic modules

The logic modules developed for the states (waiting, access, in-vehicle) presented in
Figure 4-1 are presented below. Figure 4-2 shows the agent-based model of the taxi
market.

—T+1
A

New agents?

\ 4
GENERATION

MOVEMENT MODULE <« MODULE

Intersection? :

INTERSECTION DECISION
MODULE

v

Update the agent variables related to location

g

g

TAXI-USER MEETING USER DESTINATION
MODULE MODULE

Update the agent variables related to status

\ 4

_04_ Stop criteria —>‘—>® End of simulation
@ satisfied?

Figure 4-2 Agent-based proposed model
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As shown, as the taxis and customers are being generated and moved, the variables
are being created and updated. Each module is represented and explained below.

4.5.1. The developed modules
4.5.1.1.  Generation module

The generation module creates the demand and the supply at each time interval
assigning the zone and the operational mode that will be simulated.

When a taxi is created, it is assigned to an origin zone (as for the demand) and
operation mode. If the operation mode is hailing or dispatching, random coordinates
within the zone are defined for the first position of the taxi; if the taxi operation
mode is the stand mode, a random stand on the zone is assigned to it. If there is a
customers’ queue in the stand, the first customer in the queue is assigned to the
taxi, otherwise the taxi joins the taxi queue in the last place.

When a customer is created, origin, destination and operational mode are set. If the
operation mode is hailing or dispatching, random coordinates within the origin zone
are defined for the waiting position of the customer. In the dispatching case, the
nearest (in real network travel time) taxi is assigned to the customer. If the operation
mode is stand, the customer is assigned to a random stand within the origin zone, if
there is a taxi queue in the stand, the customer is assigned to the first taxi in the
gueue, if there is no taxi queue in the stand, the customer joins the customers’
gueue in the last place.

Customer variables

creation
?
New customer? —>‘—>@ Operation mode
@ Origin and destination

) 4

New taxi? _} Taxi variables creation
Operation mode

h 4
MOVEMENT MODULE

Figure 4-3 Generation module

If neither taxis, nor customers are created, the model moves directly to the
movement module.

4.5.1.2. Movement module

The movement module moves each taxi depending on the congestion of the
correspondent link. If the taxi arrives to an intersection, the intersection decision
module decides the route that the taxi will follow (the next link). If the taxi continues
in the same link, the position of the taxi is updated.
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Link congestion

v
‘ New taxi position ‘
v INTERSECTION DECISION
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‘ Intersictlon. MODULE
@
\ 4
‘ Same link, new position ‘ ‘ New link
A 4 \ 4
Update the agent variables related to location
TAXI-USER MEETING USER DESTINATION
MODULE MODULE

Update the agent variables related to status

Figure 4-4 Movement module

4.5.1.3. Intersection decision module

When a vacant, not assigned taxi reaches an intersection, it chooses where to go
based on experience. When an occupied taxi, stand taxi or assigned taxi reaches an
intersection, it follows the defined path in the correspondent shortest path
(between the origin and the destination of the customer, looking for the nearest
stand or looking for the assigned customer respectively).

‘ Assigned vehicle?
4
New link
A\ 4

‘ Occupied vehicle? H—b Based on routing
A
‘ Stand mode vehicle?

<§ Based on attraction
No

Figure 4-5 Intersection decision module

\ 4

4.5.1.4. Taxi/user meeting module and user destination module

If a vacant or assigned taxi meets a customer during the last movement, the
taxi/user meeting module will decide if the taxi will pick up the customer or not. If an
assigned taxi meets its assigned customer, the taxi will pick up the customer. If a
vacant hailing taxi meets a hailing customer, the taxi will pick up the customer.
Dispatching taxis pick up only their assigned customers. Stand taxis pick up only
customers at taxi stands. Hailing taxis pick up only hailing customers. When a taxi
picks up a customer, the shortest route between the origin and the destination is
calculated and established in the intersection decision module.
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If an occupied taxi passes by the destination point of its customer, the trip ends and
the taxi will be free for the next time interval. Depending on the operation mode the
taxi will find then the nearest taxi stand and define the correspondent path for
reaching the stand or will circulate randomly waiting for a new order.

Vehicle position at time =t

Occupied
vehicle?

Yes

User destination? | i‘ > Delivery

) 4

|
;

Empty hailing » Hailing

\ »
vehicle? > customer? —> ‘
v
<Yes>—» Pick-up
Assigned

Assigned vehicle? Yes >
customer? Ves

Customers
queue? || Join taxi

. queue
Empty stand v > Taxi @ 4ﬂb
e stand? >

.

vehicle?
v ‘ Taxis | @

@ queue? Create taxi
Vehicle position at time = t+1 queue

Figure 4-6 Taxi/user meeting and user destination modules

4.5.2. Formulation used in the modules
4.5.2.1. Vacant movement

4.5.2.1.1. Dispatching and hailing markets
If the taxi is assigned, it follows the route to the assigned customer. If not, it moves
along a network link waiting for a new order. The distance traveled within the time
period is related to the duration of the time period and the congestion of the link.

(xiJ yi)t+1 =

At
Gy, + 7 |Gy, = (is3) | (46)
where,
(x;,¥i)¢ are the coordinates of the vehicle i at the time interval t
(xs,ys)j are the coordinates of the starting node of the link j
(xg,YE); are the coordinates of the ending node of the link j
tj is the travel time of link j

At is the duration of the time interval

When the taxi arrives to an intersection, it chooses the next link (i) based on the
selection probability (P(4;)). This is detected by checking at each time step that the
coordinates of the vehicle are inside the square defined by the coordinated of the
start and end of the link. If they are outside the square, the driver chooses the next
link as follows:
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\ 4
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Figure 4-7 Intersection sample in the agent-based model

All the alternatives (links with the origin in the intersection) are listed clockwise from
A; to A, where n + 1 is the number of links having the intersection as their origin
(u-turns are prohibited, all other turn movements are permitted). The probability of
each link at intersection depends on its attractiveness and is calculated as follows:

p(A.) = LA‘) (4 7)

' ?=1W(Aj) '
where w(4;) is the attractiveness of link i calculated as the total number of trip
origins in link i during the last Ns simulations, which provides a quite simple learning
procedure to the drivers that can simulate their experience. Results demonstrate
that Ns=10 is enough for providing a good network knowledge.

Once the probabilities have been defined, when a taxi arrives at each ending node
(intersection) a random number (Rn) is generated. The decision procedure has the
logic presented in Figure 4-8:

Length=1

P(A:) | P(A) P(A) P(An)

Figure 4-8 Roulette for the intersection decision procedure
-1 -1
next link = Aiifz P(4) < Rn < z P(A)) + P(A) (4.8)
j:l ]=1

4.5.2.1.2. Stand market

When a taxi moves along a network link, the distance traveled within the time period
is related to the duration of the time period and the congestion of the link, using a
constant free flow speed for taxis. Vacant taxis running in stand mode are always
looking for a taxi stand near their current location (following the shortest path
between their current situation and the nearest taxi stand). When the taxi arrives to
an intersection, it chooses the next link based on the calculated shortest path to the
nearest taxi stand.
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4.5.2.2.  Assignment of a customer
This module is applied to the dispatching market. When a customer asks for a taxi,
the nearest free dispatching taxi (distance is calculated within the network using the
Dijkstra algorithm (1959) based on the travel time of each link) is assigned to
him/her. This is made by a proxy variable (xij).

Xy = {1 if dij = miny{dy} (4.9)

0 otherwise
Where,
d;; is the network distance betweencustomer i and vehicle j

The taxi then finds the shortest path between its current location and the location of
the customer using the Dijkstra algorithm (1959) and follows it until the customer
location is reached. In order to avoid u-turns, the Dijkstra algorithm is link-based
instead of node based, using the current link and the destination link instead of
origin and destination nodes.

Various assignment procedures can be simulated with this tool, such as the

assignment to the driver which was waiting for a longer time or dynamic bidding by
the drivers, but these options are not developed in this methodology.

4.5.2.3. Picking up and delivery of a customer

The customer pick-up and delivery as well as the arrival to a taxi stand are detected
by using a local coordinates system for all agents. Instead of using the geographic
coordinates, the agents are located in the network by knowing the link and the
distance from the origin of the link. It is important to highlight that all links present a
one-way direction, and if a street has two directions, two links are created. The
detection of a customer origin, destination or a taxi stand is executed then by
comparing the link where each agent is and the last two relative positions within the
link.

(Xs)Ys)  d (Xe,Ye)

Figure 4-9 Location of an agent

The relation between the geographical location and the one used in the agent-based
model (link identity - L, distance from the origin - d) is the one presented in Equation
4.10 and Equation 4.11.

d
X +
\/(XE —x5)% + (Vg — ¥5)?

X =

(xg — x5) (4.10)
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d
y=ys+ Ve = ¥s) (4.11)
’ Vg — x5)2 + (Vg — ¥5)?
4.5.2.3.1. Dispatching market

If the taxi finds the assigned customer, it picks him/her up. The taxi situation then
changes to occupied, and the shortest path between the customer origin and
destination is then calculated, depending on the traffic congestion of each link at
that moment, setting the path to be followed by the taxi.

4.5.2.3.2. Hailing market
If the taxi finds a free customer (not waiting for an assigned taxi or at a stand), it
picks him/her up. The taxi then changes to occupied, and the shortest path between
the customer origin and destination is then calculated, depending on the traffic
congestion of each link at that moment, setting the path to be followed by the taxi.

4.5.2.3.3. Stand market
Taxis and customers are assigned in each taxi stand based on a FIFO system.

4.5.2.4. Occupied movement

The taxi and the customer move along the links, as in the vacant movement, but
when arriving to an intersection, the route correspondent to the shortest path is
followed until the destination is reached.

4.5.2.5. Delivering a customer

4.5.2.5.1. Dispatching and hailing markets
When the destination of the customer is reached, the taxi calculates the cost of the
last interval. The customer then disappears from the network, and the trip cost is
charged to both agents (income for the taxi and cost for the customer). The taxi
becomes vacant and continues looking for the next customer.

4.5.2.5.2. Stand market
When the destination of the customer is reached, the taxi calculates the cost of the
last interval. The customer then disappears from the network, and the trip cost is
charged to both agents (income for the taxi and cost for the customer). The taxi
becomes free and calculates the shortest path to the nearest taxi stand.

4.5.2.6.  Arriving to a taxi stand

This module is applied to the stand market. When a taxi arrives to a taxi stand, it
joins the taxi queue (if it exists). If there are no taxis on the stand, the taxi picks up
the first customer in the queue (if it exists). If there are neither taxis, nor customers,
the arriving taxi forms the taxi queue.

4.5.3. Space-time diagrams of the three operation modes

Figure 4-10 shows the space-time diagram of the activities realized by the agents in
the dispatching market.
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Figure 4-10 Space-time diagram of the dispatching market activities

Figure 4-11 shows the space-time diagram of the activities realized by the agents in
the hailing market.
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Figure 4-11 Space-time diagram of the hailing market activities
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Figure 4-12 shows the space-time diagram of the activities realized by the agents in
the stand market.
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Figure 4-12 Space-time diagram of the stand market activities

4.6. Theoretical use case: the Sioux Falls network

The current model has been applied in the Sioux Falls network, a small-scale test
network proposed by Leblanc et al. (1975) and adapted by Bar-Gera (2012). It is
widely used in the literature for testing different algorithms, from simple routing
algorithms to complex Transport Assignment Problem solvers. Five figures depicting
the graph of study are presented in Annex Il.

The agent-based model has been tested for a fixed origin-destination demand matrix
and 25 different fleet sizes, generating a total of 2.500 customer trips served by 650
vehicles. In order to calculate average results of the performance indicators, 50
iterations have been run for each supply, creating a total of 125,000 trips satisfied by
32.500 vehicles. The results obtained are presented for both the drivers and the
customers in the graphs below. Performance indicators have been obtained for each
operation mode and agent. The driver indicators are total distance traveled,
occupied and vacant time, occupied and vacant distance, income and benefits. The
customer indicators are waiting time and travel cost. Finally, the system costs and
the optimum fleet are also presented.
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4.6.1. Dispatching Model

Figure 4-13 shows the relation between total benefits of drivers, the total system
costs and customer costs obtained from the agent-based model.

1.200,00 Totaluser costs = — Total driver earnings  -+---+- System costs
1.000,00
80000 e
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3 400,00 T s .
3 —
5 200,00 TS —
(] S -—a_ N
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-200,00 e
-400,00 o=
-600,00 .
Supply level (taxis per sq. km and hours)

Figure 4-13 Customer costs, system costs and driver benefits related to different fleet sizes and to a fix
demand for the dispatching mode model.

It can be observed that the system’s optimum fleet is where the system cost is
minimum. Smaller fleet than this optimum fleet produces more benefit to the taxi
drivers due to the higher number of trips, but the customers’ costs due to the
waiting time are higher. Higher fleet than the optimum fleet has no significant
effects on reducing the waiting time of customers, but the benefits of the drivers are
dramatically reduced due to the lower number of trips. The first best solution (M)
and the second best solution (N) can be also identified.

It is interesting to compare the results obtained from both the aggregated and the
simulation models when applied to the dispatching market for the Sioux Falls
theoretical network, whih are shown in Figure 4-14.
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Figure 4-14 Difference in the customer costs, system costs and driver benefits between the aggregated and
the simulation models.
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The difference between the two models in the estimation of the user costs ranges
from -20% to -30%, depending on the number of taxis (the aggregate model
underestimates the user costs). At the same time, the difference in the system costs
ranges from -25% to -15% depending on the number of taxis, which means that
when increasing the number of taxis, the error between both models is reduced.

Figure 4-15 shows the relation between vacant and occupied kilometers and their
ratio, which is defined as the rate between the occupied and vacant distances for
each fleet size.
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Figure 4-15 Relation between the vacant and the occupied times for the dispatching mode model.

When the fleet size is small, the occupied time is high, but the vacant time is also
high due to inefficiencies of the system; at the same time the waiting time of the
customers is high. When the supply is high, the number of occupied kilometers is
low, while the number of vacant kilometers is high. The first best solution (M) and
the second best solution (N) can also be identified. The driver optimum fleet
corresponds to the maximum rate between occupied and vacant times, as shown in
Figure 4-15, where the time composition (vacant and occupied) and the occupancy
rate are presented. This driver optimum fleet is smaller than the system optimum
fleet. The rate value of the system optimum fleet is 0.65, which means that the
occupied time is 35-40% of the total time. The rate value of the drivers’ optimum is
0.82, which means that the occupied time is 45%.
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4.6.2. Stand and hailing Models
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Figure 4-16 Customer costs, system costs and driver benefits related to different fleet sizes and to a fix
demand for the stand (a) and hailing (b) models.

Figure 4-16 shows the driver benefits and system’s and customers’ costs for the
stand and the hailing modes. In the hailing mode (Figure 4-16b), the system
optimum fleet and the respective system costs are larger than the respective values
in the other transport modes. The benefits of the drivers are always negative, which
means that in this case, subsidization for maintaining a minimum threshold of
waiting time is needed. The results obtained in the stand market (Figure 4-16a) are
very similar to the results obtained for the dispatching market.

Figure 4-17 shows the relation between vacant and occupied time. In the stand
mode, (Figure 4-17a) this relation is linear, and the rate of the system’s optimum
fleet is 1.3, which means that the occupied time is 55-60% of the total time. In the
hailing mode, (Figure 4-17b) the relation between vacant time and occupied time is
also linear, and the rate of the system optimum fleet is 0.16, which means that the
occupied time is 10-15% of the total time.
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Figure 4-17 Relation between the vacant and the occupied times for the stand (a) and hailing (b) mode

model.

4.6.3. Comparison of the three operation modes

Average results from the simulations are presented in Table 4-1.

Table 4-1 Simulation results of the three operation modes.

Dispatching Stand Hailing*
Optimum fleet for system cost (vehicles) | 8 10 14
Average occupied distance (m) 6.100 4,900 3.500
Average vacant distance (m) 4.200 330 14,000
Average occupied time (min) 25 20 14,5
Average vacant moving time (min) 35 16 90
Average vacant standped time (min) 0 24 0
Income (euros/h) 67 54 38
Driver unitary benefits (euros/hour) 32,5 30 -8
Rate occupied/vacant moving time 0.65 (35-40%) | 1.3 (55-60%) | 0.16 (10-15%)
Rate occupied/vacant distance 1.5 (60%) 15 (94%) 0.25 (20%)
Average customer waiting time (sec) 136 65 392
Customer unitary cost (euros/hour) 6,45 6,25 7,5
System cost (euros/hour) 385 325 865

*In the hailing case, more than one hour was needed in the majority of the simulations for
completing all trips since the taxis are randomly looking for customers.

The system’s optimum fleet of the dispatching mode for the same demand is the
smallest one; the hailing optimum fleet is the highest one, which is due to the reason

Pag. 150 of 233



Modelling of taxi cab fleets in urban environment Josep Maria Salanova Grau - 2013

that taxis circulate randomly looking for customers while in the other markets there
is @ mechanism for matching customers with vehicles (taxi stands or dispatching
centers). The relation between occupied and vacant time is 10-15% for the hailing
market since the taxis are constantly circulating and randomly looking for customers;
35-40% for the dispatching market, where customers call taxis, reducing the vacant
distance; 55-60% for the stand market where taxis wait at taxi stands, having to
return there before picking up a new customer.

4.7. Discussion on the hypothesis of uniform demand

A uniform demand has been assumed in both aggregated and agent-based
simulation models. In order to study the impacts of the spatial distribution of the
demand in the waiting time of customers, different spatial demand distribution
profiles have been proposed. Each demand profile has been run with different fleet
sizes and operation modes and tested using the simulation model in the Sioux Falls
network. In order to define intermediate distribution configurations, the Gauss
distribution has been used with different coefficients.

_(x=hb)?
f(x) =ae 2
where,
a and c have been set to 1 and 12.5 respectively
b has different values between 0.1 and 100 in order to generate intermediate
distributions
x is the zone identity

The demand profiles are presented in Annex lIl.

4.7.1. Comparison of the results obtained for each demand distribution

A total of nine demand distributions have been developed, ranging from uniform to
linear or Gaussian distributions. The nine distributions can be observed in Figure
4-18 in a cummulative trip diagram.
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Figure 4-18 Lorenz curves for the different demand distributions
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For each one of the demand distributions presented above, the GINI coefficient has
been calculated and presented below. The GINI coefficient proposed by Gini (1912)
estimates the degree of uniformity of the distribution using the Lorenz curve, and it
is calculated as shown in Figure 4-19:
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Figure 4-19 Methodology for the calculation of the GINI coefficient.

The perfect equality line, which represents a uniform distribution, has a GINI
coefficient equal to 0. The perfect inequality line, which represents that all trips have
the same origin and destination, has a GINI value of 1.

The GINI coefficient values of the above distributions are presented in Figure 4-20.
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Figure 4-20 GINI coefficient values of the nine demand distributions

The 9 demand distributions have been used for the creation of 9 OD matrices, with a
total of 1.100 trips. A total of 5 fleet sizes (100, 200, 300, 400 and 500 vehicles) and 3
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operation modes (hailing, dispatching and stand) have been tested for the nine
demand profiles, generating a total of 135 configurations. Each configuration has
been tested 10 times in order to obtain average values of the waiting time of
customers, which means that the total satisfied demand is approximately 1.500,000
trips. The results obtained are presented in Figure 4-21.
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Figure 4-21 Waiting time for the different demand and supply configurations for the hailing operation mode

In the case of the hailing mode, there is an important reduction of 65% - 75% when
the GINI coefficient is near to 0,5 depending on the fleet size. For GINI values
between 0,5 and 0,9 the waiting time values remain stable for high fleet sizes, while
for low fleet sizes it increases to the uniform demand values. Finally, for GINI values
near to 1 (highly concentrated demand), most of the waiting times are worse than
the waiting times of the uniform distributions.

The waiting times obtained by the aggregated model are slightly underestimated, as
it observed in Figure 4-22.
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Figure 4-22 Waiting time underestimation by the aggregated model for the hailing operation mode

The underestimation increases with the size of the fleet. This underestimation is
counter-balanced with a certain grade of non-uniformity, increasing with the fleet
size. For uniform demand (GINI coefficient equal to 0) the aggregated model
underestimated the waiting time of customers from 15% to 50% depending on the
number of taxis. For demand profiles with a 0.5 GINI coefficient, the aggregated
model overestimates the waiting time from 100% (large fleets) to 300% (small
fleets).
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Figure 4-23 Waiting time for the different demand and supply configurations for the stand operation mode

In the case of the stand mode, there is an initial reduction of 40% to 80% depending
on the fleet size, and the values remains stable between GINI coefficient values of
0,1 -0,8. For the lowest fleet size the reduction is almost linear.
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Figure 4-24 Waiting time underestimation by the aggregated model for the stand operation mode

Similar results are obtained when comparing the results obtained by the aggregated
model for a uniform demand. For uniform demand (GINI coefficient equal to 0) the
aggregated model underestimated the waiting time of customers from 30% to 40%
depending on the number of taxis. In this case, the waiting time is equal to the
waiting time of a demand related to a GINI coefficient of 0.075, while the
overestimation for higher GINI coefficients presents values from 100% to 300%.
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Figure 4-25 Waiting time for the different demand and supply configurations for the dispatching operation

mode
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In the case of the dispatching mode, the reduction is lower, between 20% and 30%,
with a clear linear tendency as the GINI coefficient value increases.
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Figure 4-26 Waiting time underestimation by the aggregated model for the dispatching operation mode

For the dispatching market, there is always an overestimation of the waiting time by
the aggregated model, ranging from 100% for small fleets to 0% for large fleets.

The overall conclusion is that the same waiting time can be related to different fleet
sizes for the same demand, depending on the spatial profile of the demand. The
spatial distribution of the demand for taxi services is therefore a significant factor
when defining the optimum taxi fleet size. The aggregated model underestimates
the waiting time of the uniform demand distribution while overestimates it for non-
uniform demand distributions.

4.8. Conclusions

The developed agent-based model is capable of simulating the three operation
modes (hailing, stand and dispatching). Results for the dispatching model have been
compared to a mathematical aggregated model, presenting similar tendency and
results, therefore validating the formulatios of the aggregated model proposed in
chapter 3. The model outputs in terms of system costs and total time composition
(vacant and occupied time) have been presented, concluding in the system’s and the
drivers” optimum fleet. As concluded by most authors, the drivers’ optimum fleet is
smaller than the system optimum fleet.

The aggregated model underestimates the costs in comparison to the agent-based
model, ranging from -20% to -30% for the customer costs and from -25% to -15% for
the system costs. The spatial distribution of the demand has a significant effect in
the waiting time (when it is more concentrated, waiting time is lower). This
reduction depends on the mode of operation and the taxi fleet size, presenting
higher variations for smaller fleets. The hypothesis of non-uniform demand has been
tested, obtaining overestimations of the waiting time up to 300% in comparison to
the uniform demand scenario. Aggregate formulations should be provided for the
non-uniform demand case.
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Future research should focus in the customers’ behavior, giving them the possibility
of changing operation mode if the waiting time exceeds a threshold value, or
presenting customer classes with different willingness to pay for taxi services. In
order to obtain more realistic and representative results, there is a necessity for
testing different demand profiles and levels in different network geometries,
calibrating the parameters of the model with real world data. Finally, new
technologies should be tested using simulation models in order to prove their
benefits and performance levels and create the necessary rules for providing
information to drivers about the hot spots of the city or demand forecasts in the
different city zones.
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5. CASE STUDY: BARCELONA

In this section, the two developed models are applied to the taxi sector of the city of
Barcelona, providing significant results in terms of minimum and optimum fleet
sizes.

5.1. Introduction to the Barcelona taxi sector

The taxi sector has a high importance in the Metropolitan Area of Barcelona (AMB),
being an important transport mode in a continuous urban region of more than 3
milions inhabitants and roughly 500 km? area extension. The public body responsible
for the management of the taxi sector is the Institut Metropolita del Taxi (IMT),
which defines the regulation related to the number of licenses, the fares, the
requirements asked from the drivers and the characteristics of the vehicles.

The current number of taxi licenses is 10.523, from which 5% belong to private
companies and the 95% to individuals. The number of licenses has been frozen since
2005 (1 license per 275 inhabitants). However, the number of driver licenses has
increased significantly during the last years (13.136 in 2010, with rate
drivers/vehicles of 1.26 while this rate was 1.14 in 2007). The evolution of the
number of taxi licenses and driver licenses is presented in Figure 5-1.
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Figure 5-1 Evolution of the number of licenses and the rate drivers versus taxis

The number of companies has been significantly increased during the last 4 years,
with an increase of roughly 100%. The number of licenses per company has
decreased significantly, while the number of drivers per company remains stable.
The combination of these two facts results in an increase in the rate of drivers/taxis,
as observed in Figure 5-2.
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Figure 5-2 Evaluation of the number of licenses per company and the rate drivers versus taxis

The number of dispatching centers is lower than the number of companies (roughly
25%) but the number of license holders collaborating with them is considerably
higher (roughly 800%).

This increase in the number of drivers per license, and therefore in the taxi-hours,
along with the fact that the demand has remained stable during the last years
(SACon & IMT 2003) caused a significant reduction of the benefits for the taxi drivers
of Barcelona. Anaylsis of the data collected by CENIT (Amat, 2010) show that the trip
cost remains stable, which means that the trip distance is being reduced. This
situation is reflected in the price of a taxi license, which is decreasing since 2007
(Amat, 2010).

The taxi sector in Barcelona has been traditionally regulated by the prohibition of 2
working days per week, only one of them within the weekend. There is a new
regulation in 2013 in order to reduce the number of circualting taxis in Barcelona.
Three working shifts have been created, depending on the type of license holder
(individual or company).

The supply of taxi services has been calculated in (CENIT, 2013) for the year 2007 and
is presented in Table 5-1.

Table 5-1 Hourly taxi offer during working days and weekends

Working Day shift 5.461
day Night shift 1278
Day shift 3.158

Weekend
Night shift 1.521
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The distribution of the offer within the day has also been calculated in (CENIT,2013)
for the year 2007 and is presented in Figure 5-3. The total number of daily taxi-hours
is roughly 100,000.
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Figure 5-3 Taxi supply during a working day in Barcelona

The number of taxi stands is roughly 250, where 3 of each 4 stands are frequently
used (Amat, 2010).

The demand for taxi services has been estimated by IMT in more than 200,000 trips
per day, which corresponds to 1.5 — 2 % of the total trips of the AMB (roughly
13,000,000 daily trips). CENIT (2013) estimates the demand for taxi trips in
60,000,000 trips per year. The waiting time of the taxi customers has been estimated
in (Amat 2010) in 3 - 4 minutes during the day and 6 - 7 minutes during the night.

The fares applied to the taxi sector depend on the time of the day and are presented
in Table 5-2 (Amat 2010 and IMT).

Table 5-2 Urban taxi fares between 2004 and 2013

hifts T2 6h a 22h 7ha21h 8h a 20h

T1 22h a 6h 21ha7h 20h a 8h
Flag-Down T2 | 12 | 1,3 | 145 | 1,75 | 1,8 , 205

T1 |13 | 1,4 | 1,55 | 1,85 | 1,9
Kilometric T2 | 071|074 | 078 | 0,78 | 0,82 | 0,86 | - 09 | 0,93 | 0,98
charge T1 |09 |09 | 1 1 | 104 11 - | 115 | 1,18 | 1,24
hourly T2 | 1533 | 16 |16,95|16,95 | 17,8 | 186 | - |1949| 20 | 21,23
charge T-1 | 1554 | 16,33 | 17,42 | 17,42 | 17,9 | 188 | - | 19,59 | 20,44 | 21,7
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5.2. Data of the Barcelona taxi sector

5.2.1. The network

Barcelona road network consists of more than 1.600 kilometers of streets and more
than 8,000 intersections. The network used for the modeling of the city consists of
more than 13,000 links, 62% of which are bidirectional, which means that the total
number of one-way links is near to 20,000.

Figure 5-4 Barcelona network used in the agent-based taxi services model

5.2.2. The OD matrix

The sample used for the estimation of the OD matrix for all transport modes is
composed by 40,000 trip descriptions for the day before with a confidence level of
95% obtained from 33,249 phone and household surveys to people older than 15
years in 11 municipalities during the period 01/02/2007 - 31/05 /2007. A total of
7.35 millions of motorized trips were obtained, a 68.3% of which had origin or
destination in the city of Barcelona.

5.2.3. The taxi trips database

A database of more than 1,200,000 taxi trips during the last nine years (2004-2012)
is analyzed and significant results of the evolution of the most important
performance indicators are presented. The database is used for the calibration of the
presented models. Both models are applied to the “real data” of the taxi sector of
Barcelona and compared to each other. The results are presented in terms of waiting
time of customers, and minimum and optimum density of taxis. The first best
solution and second best solutions are identified and commented in the results.

The databases have been provided by Center for Innovation in Transport (CENIT).
CENIT collaborates with the Metropolitan Institute of Transport (IMT) in the city for
the creation of a taxi Observatory. The taxi Observatory is a tool for the evaluation of
the actual situation and the implementation of a new structure in the taxi market for
a more efficient relation between taxi drivers and the demand. A large amount of
information is needed for the Observatory, and technologies such as ICT, GIS and
GPS can assure flow of information between taxis and the system regulators,
achieving a better mobility.
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Table 5-3 and Table 5-4 present the most important indicators of the database.

Table 5-3 Average cost, travel and idle time, distance of the database of taxi recorded trips

2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012

Average cost (euros) 6,69 7,18 7,83 7,94 8,47 8,58 9,22 9,51 9,84
Average travel time (min) 13,12 | 12,85 | 13,38 | 12,73 | 12,58 | 12,23 | 12,64 | 12,71 | 12,70
Average distance (km) 4,97 5,40 5,45 5,23 5,05 5,09 5,69 5,76 5,83

Average idle time (min) 15,62 | 17,16 | 15,98 | 16,13 | 17,89 | 20,07 | 23,42 | 26,50 | 27,31

Average idle distance (km) | 4,64 | 4,62 4,50 3,64 3,82 3,13 2,52 5,21 6,46

Table 5-4 Total number of trips, vehicles, drivers, costs, occupied ad vacant time and distance of the
database of taxi recorded trips

2004 2005 2006 2007 2008 2009 2010 2011 2012
Taxi trips 17.760 114.988 90.250 64.779 54.820 256.140 313.127 147.996 119.858
Taxi vehicles 15 25 29 18 12 39 69 40 26
Taxi drivers 15 27 29 18 12 108 130 77 68
Daily trips per driver 20,6 22,2 21,7 20,7 19,5 17,5 18,0 15,3 14,2
Total trip costs (euros) 119.253 | 855.299 738.266 556.369 485.987 | 2.421.596 | 1.651.637 | 1.554.178 | 1.295.433
Total occupied time (min) 233.030 | 1.477.992 | 1.207.482 | 824.763 689.612 | 3.131.664 | 2.024.899 | 1.880.590 | 1.522.234
Total occupied distance (km) | 88.323 621.348 491.830 338.782 276.581 | 1.302.949 | 911.998 851.843 698.963
Total vacant time (min) 277.460 | 1.973.712 | 1.441.912 | 1.045.087 | 980.459 | 5.141.504 | 3.751.581 | 3.922.250 | 3.273.474
Total vacant distance (km) 82.480 531.118 406.054 235.461 209.286 | 802.126 403.835 771.542 774.303

The data contained in the database is analyzed in order to identify the evolution of
the most important indicators of the taxi services in Barcelona. The number of daily
trips per driver has decreased significantly, from 22 in 2005 to 14 in 2012, which
means a decrease of 36% due to the crisis. All the data contained in Table 5-4 are
plotted together in Figure 5-5 in order to relate their variation and understand the
significant changes in the taxi market in Barcelona.

The cost of the trip has increased significantly since 2004, but at the same time the
number of daily trips per driver has been reduced. The characteristics of the trips
(duration and length) have remained more or less the same, with a small increase in
the trip length during the last years. Five periods can be recognized in Figure 5-5:

e 2004-2005: increase in the number of daily trips per driver and the trip cost,
which means more income for the drivers, increase of the daily working time
and distance of the drivers.

e 2005-2008: decrease of the number of daily trips and their length, increase in
the trip cost. Drivers reduce the variable costs but reduce the idle distance
while maintaining the working hours.

e 2008-2009: decrease of the number of daily trips but small increase in their
length, increase in the trip cost.

e 2009-2010: stable number of daily trips and significant increase in their
length, increase in the trip cost. Increase in the total distance, significant
increase of the working hours together with a reduction of the idle distance,
the drivers wait at taxi stands. Small increase in the working hours.

e 2010-2012: decrease of the number of daily trips but small increase in their
length, increase in the trip cost. Redution of the working hours and significant
increase in the idle distance, which means significant reduction of the income
per kilometer. The total distance remains stable.
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Figure 5-5 Evaluation of the most significant performance indicators of the taxi market in Barcelona

5.2.4. The taxi trips spatial database

The 33% of the trips recorded during the years 2009 and 2012 include the GPS
coordinates of the trip origin and destination. Figure 5-6 shows the matching of the
origin coordinates of the 270,000 trips with the network. An important
concentration of origins can be observed in the two airport terminals of the city on
the left side of the picture (these trips will not be taken into account in the
application of the model).
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Figure 5-6 Matching of taxi origins recorded by the GPS system and the real Barcelona network

This data can be used for estimating the origin-destination matrices of the taxi trips.
The sample seems to be sigfincantly representative in spatial terms since it covers
the entire city. Figure 5-7 shows the trips originated and finished in each link, where
the links with a high concentration of trip ends and trips starts are related to hot
spots of the city.
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Figure 5-7 Hot spots of the taxi OD (concentration of trip origins and destinations from the taxi trips
database)

Figure 5-8 shows the concentration of origins and destinations within the city. The
hot spots of the city indicated in Figure 5-8 can be observed in red and orange colors
for both the origins and the destinations.
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Figure 5-8 Attractions and generations of the links of Barcelona

5.3. Model implementation

The database is used for the calibration and implementation of the two developed
models. The obtained results are presented and discussed below.

5.3.1. Results of the aggregated model

The reference values have been obtained from a database of more than 1,200,000
taxi trips recorded during 9 years (2004-2012) by more than 100 vehicles and 200
drivers and a total transaction of more than 10,000,000 euros. The total number of
kilometers driven by the drivers is roughly 10,000,000, half of them occupied. The
total number of hours driven by the drivers is roughly 600,000, a third of them
occupied.

Table 5-5 Variables definition

Reference
Variable values
(Barcelona)
Z is the cost of the system (€) - z is the unitary system cost (€/trip) -
Z 4 is the cost of the drivers (min) - z; is the unitary cost of the drivers (min/trip) -
" Z,, is the cost of the customers (min) - z,, is the unitary cost of the customers (min/trip) -
é Z is the additional cost for the city (min) - z is the unitary cost for the city (min/trip) -
*(:;s' G is the cost of the infrastructure (min) - g is the unitary infrastructure cost (min/trip) -
< Ty is the waiting time of customers (min) 2-6
-28 T,y is the in-vehicle time of customers (min) 12-14
C is the average trip fare (€) 7-10
d is the average distance of the trip (km) 5-6
7 is the average number of trips per hour and driver (trips) 1-3
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Agq is the taxi hourly supply (vehicles per hour and area of service) 20-60
c v
j% % D is the flag-drop charge (€) 2
a € | Tjm is the taxi fee per unit of distance (€/km) 0.93
Tsec IS the taxi fee per unit of time (€/min) 0.30
ag - Ay is the hourly demand for taxi trips (trips per hour and area of service) 50 - 250
E’ % Ais the area of the region (km?) 100
% g A, is the hourly circulating vehicles (vehicles per hour and area of service) 8,000
S T | visthe average speed of the trip (km/h) 30
n VoT,, is the value of time of the taxi customers (€/min) 20
% VoT, is the value of time of the taxi drivers (€/min) 20
g VoT, is the value of time of the other drivers (€/min) 20
g a, is the customer perception factor of the access time 3
e ayy is the customer perception factor of the waiting time 3
é_ a;y is the customer perception factor of the in-vehicle time 1
£ Ci.m is the operational cost per unit of distance of taxis (€/km) 0.35
§ Cy, is the hourly operational cost of the moving taxis (€/min) 0.33
= ris the area and network parameter 1.27

The data presented in Table 5-6 has been obtained from both the IMT and Amat
(2010) and are introduced in the model. Table 5-6 presents and compares the
obtained results with the measured values from the database.

Table 5-6 Results of the validation of the aggregated model to the city of Barcelona

Model prediction | Measured value (2012) | Deviation
Average cost (euros) 7.96 9.84 19%
Average travel time (min) | 11.2 12.70 12%
Average distance (km) 6.35 5.83 -9%

The values obtained from the model are independent of the mode of operation since
they refer to the taxi demand. The predicted average distance is higher due to the
non-homogeneity of the demand since most of the trips are concentrated in the city
center. The average travel time is lower due to the lower congestion levels
considered in the model, which applies the same congestion level for all the trips
during the day, while in the database each trip has different speed depending on the
congestion level and the streets included in the path. The difference on the cost is a
consequence of these differences since cost in the model is calculated using the
distance, while cost in the reality depends on the congestion levels. The results
obtained by the model in terms of waiting time and costs for the different actors are
presented in Figure 5-9, Figure 5-10 and Figure 5-11.

5.3.1.1.  Application of the hailing model

It can be observed that the number of taxis per hour and km? should be higher than
31 since the waiting time for smaller fleets is very high due to the low number of free
taxis. The real minimum fleet size is 29 taxis/hour*kmz, which means that with this
taxi fleet size, the number of demanded customer hours are equal to the offered
vehicle hours. It can be also observed that the maximum number of taxis with
positive benefits is 36 taxis/hour*km? since more taxis than this value will generate
losses to the drivers. Therefore, 36 is the second best solution. The optimum number
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of taxis taking into account the system costs is 34 —38 taxis/hour*km? (first best
solution).

user cost e total cost per user ~ ----driver benefit ——Tw  ——system cost per user
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Figure 5-9 Waiting time, driver benefits and unitary costs for each fleet size obtained by the aggregated
model (hailing operation mode operation mode)

In the hailing market the first and the second best solutions are equal, which is due
to the presence of externalities such as congestion and pollution, which increase
linearly with the number of taxis. These externalities reduce the optimum number of
taxis of the first best solution to levels where the taxi drivers have benefits.

Table 5-7 Results of the application of the aggregated hailing model to the city of Barcelona

Minimum number of taxis 29 taxis/hour*kmZ

First best solution 34 — 38 taxis/hou r*km?
Second best solution 36 taxis/hour*kmZ
Subsidy -

5.3.1.2.  Application of the dispatching model
Similar results can be obtained from Figure 5-10 for the dispatching mode, but
without the presence of externalities, the first best solution is larger than the second
best solution, which generates losses to the taxi drivers. These losses can be
subsidized by the state in order to provide a better level of service to the taxi
customers by an amount of 3-4 euros per trip.

Table 5-8 Results of the application of the aggregated dispatching model to the city of Barcelona

Minimum number of taxis 29 taxis/hour*km2
First best solution 44 — 46 taxis/hou r*km®
Second best solution 38 taxis/hour*km2
Subsidy 3 —4 euros per trip

Pag. 166 of 233



Modelling of taxi cab fleets in urban environment Josep Maria Salanova Grau - 2013

user cost  ececee total costper user ~ ===-=driver benefit ~=——Tw

50,00 v 50,00

40,00 : 40,00

30,00 : 30,00

5

—_—— £
5 200 s 2000 @
=& S I A AN A (RN AN AR X LTI COREY FRCCRIS AEPPRE LELTIEC SRR At M E
g3 A A
S5 9 S £
2 3 ~d \ .‘if
T2 ~
g2 1000 T \ 1000 =
£ gg ~d ~. \\\
] - —
&g Rt N
=2 e
§E o000 =] 0,00
g -] 20 22 24 26 28 30 32 34 36 38 40 \712‘-44___46 48 50 52 54 56 58 60

-10,00 -10,00

Supply (number of taxis per hour and km2)

Figure 5-10 Waiting time, driver benefits and unitary costs for each fleet size obtained by the aggregated
model (dispatching operation mode operation mode)

5.3.1.3.  Application of the stand model
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Figure 5-11 Waiting time, driver benefits and unitary costs for each fleet size obtained by the aggregated
model (stand operation mode operation mode)

In this case, the system cost is almost horizontal for large fleet sizes, which makes it
more difficult to detect the minimum value.

Table 5-9 Results of the application of the aggregated stand model to the city of Barcelona

Minimum number of taxis 29 taxis/hour*km2

First best solution 52-54 taxis/hour*km2
Second best solution 37 taxis/hour*km2
Subsidy 10 euros per trip
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5.3.1.4. Comparison of the three operation modes

The operation mode with the minimum optimum number of taxis is the hailing
mode, due to the impact of the externalities of the circulating taxis, while the
operation mode with the maximum optimum number of taxis is the stand mode. The
maximum number of taxis with non-negative profits (second best) is very similar for
the three operation modes. Finally, the subsidization of the stand mode is the
highest one, since the first best and the second best have the largest difference,
while in the dispatching mode the difference is lower. There is no need for
subsidization in the hailing market, since the inclusion of the externalities has
reduced the optimum number of taxis below the second best value. This
subsidization is the amount of money that taxi drivers lose if the number of taxis is
equal to the social optimum. It can also be seen as the amount of money that should
be provided to drivers per trip in order to provide the waiting times to customers of
the first best solution.

All the above is related to the peak hour, which means that, for different hours, the
results can vary significantly. The three models have been applied to 24 hourly
demand levels in order to acquire a better understanding of the provision of services
during the day. The demand level is presented in figure 5-21 together with the
optimum fleets obtained for each operation mode.

Demand  =—Optdispatchingfleet  ===0Opthailing fleet =—=Optstand fleet
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Figure 5-12 Demand and optimum fleets for each operation mode along the day

The waiting/access time, the unitary costs and the benefit of the drivers are
presented in Figure 5-13, Figure 5-14 and Figure 5-15.
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Figure 5-13 Waiting/access time for each operation mode along the day

The access times of the stand mode are significantly lower than waiting times of the
dispatching and the hailing modes, but this is because the number of taxis in the
stand mode is higher. At the same time, the waiting/access time at night are higher
than during the day, but the increase is different for each operation mode, being the
hailing mode the one which presents the highest impact of the low demand levels at
night.
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Figure 5-14 Unitary cost for each operation mode along the day

It is interesting to highlight that the unitary costs are very similar during the day, but
at night the hailing mode presents a higher unitary costs due to the low demand and
unproductive vehicle-kilometers.
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Figure 5-15 Benefit of taxi drivers for each operation mode along the day

The benefit of the drivers is similar for both the hailing and the dispatching modes,
while the stand mode presents the lowest benefits, especially at night.

5.3.2. Results of the simulation model

The agent-based dispatching model has been applied to the Barcelona network. The
supply side is composed by more than 20,000 links and 8,000 nodes, representing
most of the streets of the city. The lower road categories have not been taken into
account in order to reduce the processing time. The demand side is composed by
more than 270,000 recorded taxi trips during 4 years (2009-2012) and the OD

matrices of 2007 for all modes.

Table 5-10 Variables definition

Variable Reference value (Barcelona)
Waiting time of customers (min) 2-6
In-vehicle time of customers (min) 11
Trip cost of customers (€) 6

*3 Distance of the trip of customers (km) 5

% Number of trips of drivers (trips/hour) 1-6

% Vacant distance (km/h) 8-18

B | Occupied distance (km/h) 8-18

= | vacant time (min) 25-44
Occupied time (min) 16-35
Driver income (€/h) 14-30
Driver benefits (€/h) (-6)-5
Network geometry -

@ | Taxi hourly supply (total number of vehicles per hour and km?) 20-60

§. Hourly demand for taxi trips (OD matrix) 14000

< | Average speed of each link (km/h) 4-90

S | Disthe flag-drop charge (€) 2.05

= Trm IS the taxi fee per unit of distance (€/km) 0.86
Tgec IS the taxi fee per unit of time (€/min) 0.3
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The data presented in Table 5-10 has been provided by IMT and Amat (2010). The
data of the taxi database has been filtered in order to use the trips with origin and
destination within the city network, generating a total of 235,000 valid trips. A small
sample of 1.200 trips between 8 and 9 of all Tuesdays has been used for validating
the model in terms of travel distance, time and cost.

Table 5-6 presents and compares the obtained results with the measured values
from the database.

Table 5-11 Results of the validation of the aggregated model to the city of Barcelona

Model prediction | Measured value (2012) | Deviation
Average cost (euros) 5,53 7,1 22%
Average travel time (min) | 8,16 12,38 34%
Average distance (km) 3,56 3,7 4%

In this case the measured distance in the agent model and in the reality are almost
equal, while the cost and duration are underestimated by the agent model. The
agent model has a unique congestion level in each link, which is lower than the
congestion levels of the measured trips. The difference in the trip cost is due to the
difference on the two other parameters (travel time and trip cost). The dispersion of
the above calibration values is presented in Figure 5-16:
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Figure 5-16. Validation of the agent-based model in terms of travel time, distance and cost

The relation between the measured travel distance and the modeled one shows the
validity of the model. There are two issues that affect this relation, one is the detail
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of the network used in the model, where the lowest street categories have been
eliminated; the second issue is the route chosen by the taxi driver that cannot be the
shortest one in some cases. The relation between the measured travel times and the
modeled ones present more scattered results. The reason is that the model uses an
average congestion factor for each link, but since this value is changing within a day
and within days, it will not always be representative of the real congestion levels.
This fact influences the relation between the measured costs and the modeled ones,
which presents a small deviation off the 45 degree line. The trip cost presents a good
fit, but the fitted curve presents a constant term, which can be related to a
difference in the value of the flag-drop.

The demand between 8 and 9 of all Mondays, Wednesdays and all Thursdays (4.800
trips) has been introduced in the model and different fleet sizes have been tested
with the dispatching model, obtaining the waiting time and the system costs
presented in Figure 5-17.
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Figure 5-17 Waiting time, driver benefits and unitary costs for each fleet size obtained by the agent-based
model

It can be observed that the satisfactory number of taxis per hour and km? is higher
than 28 since the waiting time for smaller fleets is very high due to the low number
of free taxis. It can also be observed that the maximum number of taxis with positive
benefits is 30 taxis/hour*km? since more taxis than this value will generate losses to
the drivers (second best solution). The optimum number of taxis taking into account
the system costs is 33 — 34 taxis/hour*km? (first best solution).

Table 5-12 Results of the application of the agent-based model to the city of Barcelona

Minimum number of taxis 28 taxis/hour*km2 29 taxis/hour*km2
First best solution 33 — 34 taxis/hour*km” | 44 — 46 taxis/hour*km”
Second best solution 30 taxis/hour*km” 38 taxis/hour*km”
Subsidy 4 -5 euros per trip 3 —4 euros per trip
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The minimum number of taxis is equal in the two models, but the number of taxis
related to the first and second best solutions are larger in the aggregated model in
comparison to the agent-based model.

5.4. Shifts policy in Barcelona

The above models provide the optimum number of vehicle-hours to be offered
during each hour of the day at strategic level. This value should be obtained at
operational level by applying the correct shifts policy to the taxi market. The city of
Barcelona has recently applied a new policy for regulating the working hours during
the day, and not only the working days during the week. These shifts can have
various durations, from 2 to 8 hours.

Three scenarios have been tested in order to define the best policy. The supply level
used is the one obtained by the dispatching model, but the methodology is valid for
the other operation modes by changing the optimum supply levels:

One shift of eight hours
Two shifts of four hours
Four shifts of two hours

= = Minimum fleet = = Optimum supply

8 hour shift

4 hour shift 2 hour shift
4000

3500

3000
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Total taxi hours per hour
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1T 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
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Figure 5-18 Taxi-hours provided by the three policy scenarios in comparison to the optimum fleet size

The 2 hour shift and the optimum supply curves coincide, which means that the
optimum supply level can be achieved by 2 hour shifts. Smaller shifts allow a better
fit of the provided taxi-hours to the optimum values (as expected). The areas
between each line and the optimum value represent the over or under supply, which
is related to lower income for taxi drivers and higher waiting time for taxi customers
respectively. This area goes from 7,000 hours in the 8-hour shift to 275 hours in the
2-hour shift.
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The impact of each policy on the most significant indicators of the taxi market is
presented in Figure 5-19, Figure 5-20 and Figure 5-21.
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Figure 5-19 Customer waiting time for the various proposed policies
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Figure 5-20 Benefit of the taxi drivers for the various proposed policies

The waiting time variation in relation to the optimum waiting time depends on the
difference between the optimum and the real number of taxi-hours offered. When
the benefits of the taxi drivers are higher than the ones of the optimum supply
levels, the waiting time of customers is higher, and oppositely, when the benefits of
taxi drivers are lower than the expected, the waiting time of customers are lower. It
is interesting to highlight that the benefit of the optimum taxi-hour supplied are
equal during the day, which means that the benefit of each working hour are similar,
providing equity to the taxi drivers independently of the interval of the shifts
assigned. Oppositely, the benefits obtained by the 4-hour or the 8-hour shift have
important variations along the day, which means that the shifts should be assigned
taking into account equity issues related to the benefit of each working hour.
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Figure 5-21 Unitary cost of the various proposed policies

Tha variation of the unitary costs is smoother due to the compensation effect
between the increase/decrease of the waiting time of customers and the respective
decrease/increase benefits of drivers. It is interesting to analyze the accumulated
over/under-offered hours during the day.
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Figure 5-22 Accumulated under/over-offered hours during the day

The total number of hours over/under-offered during the day is more than 7,000
when applying 8-hour shifts, while in the case of 4-hour shifts this value is less than
the half.
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Figure 5-23 Accumulated under-offered hours during the day

The maximum accumulated deficit of taxi hours is always below 500 in the 4-hour
shift, while in the 8-hour shift this value reaches an over-supply of 1,000 hours
during the morning peak and an under-supply of 1.500 hours during the afternoon
peak.

5.4.1. Proposed shifts policy strategy for the city of Barcelona

From all the above, the best solution is a 2-hour shift policy, but this is not feasible at
all. A 4-hour shift is more feasible and the results are much better than the results of
an 8-hour shift policy. In order to make the 4-hour shifts more attractive to the taxi
drivers, they can be grouped in pairs of shifts where the second one will start when
the first one finishes, generating 8-hour shifts. This cannot be applied to all the
shifts, but only to some of them. The percentage of shifts that can be grouped is
calculated by measuring the area of the peaks that cannot be covered by the 4-hour
horizontal line, equal to 95% in the case of Barcelona as it can be observed in Figure
5-24.
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Figure 5-24 Grouping of pairs of 4-hour shifts
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5.5. Results discussion

The two proposed models have been applied to the city of Barcelona using real data
from the network and the conducted taxi trips. The models have been validated with
data collected from taximeters of more than 100 taxis, which have conducted more
than 1.200,000 trips during the last 9 years. The results obtained in terms of number
of vehicles per hour and area, are slightly lower in the simulation model than the
ones obtained by the aggregated model. The hailing and dispatching models have
concluded that the system’s optimum number of taxis in Barcelona ranges from 34
to 46 vehicles per hour and km? depending on the operation mode, while the drivers
optimum size is slightly lower (30 — 38 vehicles per hour and km?, depending on the
operation mode). Subsidization values for each operation mode have been provided.
With this subsidization, the optimum number of vehicle-hours of the first best
solution can be offered to the customers retaining drivers’benefits, which means
that the waiting time of the customers will be reduced to the one of the first best
solutions.

The aggregated model has been applied to the 24-hour demand curve, presenting
the optimum number of vehicle-hours for each time of day. A 4-hour shift policy has
been proposed and a methodology has been developed for adapting its distribution
to the optimum supply level obtained by the model. The impacts of the over or
under supply provided in relation to the optimum levels have been identified and
qguantified. Finally, a methodology for matching two consecutive 4-hour shifts has
been developed in order to make the 4-hour shifts more attractive to the taxi drivers
by creating 8-hour shifts. The total percentage of 4-hour matched shifts in the case
of Barcelona is around 95%, which means that only 5% of the shifts will have a
duration of 4 hours, while all other shifts will have a duration of 8 hours.
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6. EPILOGUE

6.1. Introduction

This chapter reviews the conclusions and the highlights of the research conducted in
this thesis in relation to the modeling of taxi markets, both individually for each
chapter and overall for the whole research, presenting an overview of the taxi
modeling and the outputs of the research, as well as future research directions.

6.2. Valuation of the thesis

An extensive review of the modeling of taxi markets has been presented in the
second chapter, classifying them into aggregated, equilibrium and simulation models
and highlighting the advantages as well as the disadvantages of each type of model.
The approach proposed by the author is a combination of the use of all models,
using the aggregated one for the overview of the variables of the taxi market and the
simulation one for the detailed study of the operational issues of the adopted
solution and the fine-tunning of the selected values. The most significant variables of
each model have been identified and the formulations have been presented, giving
emphasis in the most operational ones.

A new formulation has been presented in chapter three, taking into account the taxi
customers, the drivers and the city and has been applied to the three operation
modes: hailing, stand and dispatching. This formulation has been used for analyzing
the cost elasticity and for obtaining the optimum fleet size and the most significant
variables related to this fleet, such as the customers” waiting time and the drivers’
benefit. The three operation modes have been compared in terms of unitary costs,
presenting the values of demand and area where each operation mode has the
minimum unitary costs. Formulations for the first best solution, the second best
solution and the waiting and access times have been presented. The pricing policy of
taxi services has been analyzed by using an elastic demand function. The system
performance for various combinations of fare and fleet size has been presented.

A new simulation model has been developed for analyzing the operational issues of
the taxi markets, being able to collect more detailed results, yet by using more
detailed data. The results of the simulation model are richer because distributions of
values are obtained rather than just average values. The results of both models have
been compared, presenting similar tendencies and values, which provides validity to
the models. The aggregated models present underestimations between 15% and
30% of the costs for uniform demand distributions. The impact of the non-uniformity
of the demand has been obtained by the simulation model, ranging from 20% to
300% overestimation of costs.

The two models have been applied to a case study, using real data from the city of
Barcelona.
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6.3. Valuation of the research output

The formulations proposed for the modeling of the taxi market by various authors
have been presented and analyzed. New formulations have been presented in detail
for the estimation of various variables related to the taxi market. Cost formulations
have been developed for each operation mode taking into account the externalities
generated by the taxi services provision. Analytic formulations for the optimum fleet
size and the waiting and access time related to this fleet have been provided. The
formulation for the minimum unitary costs related to the optimum fleet size has
been also provided. Comparison of these unitary costs have been presented both
analytically and graphically, presenting the area sizes and demand levels for which
each operation mode is optimum. Analytic fomulations for the calculation of the cost
elasticities with relation to the supply, the demand and the value of time have been
provided.

The performance of the three operation modes has been compared by using
simulation tools, presenting the ratios of the most significant variables of the taxi
market for each operation mode. The simulation model has been used for validating
the results of the aggregated model, concluding in that the aggregated model
underestimates the costs for uniform demand, but overestimates them for non-
uniform demand distributions. The impact of the demand distribution on the waiting
time has been presented and quantified by applying various spatial demand
distributions. Variations in the demand for taxi services depending on the fare and
the number of taxis have been presented by using an elastic demand. A
methodology for defining the shifts duration and distribution has been proposed.

A detailed overview of the taxi sector in the city of Barcelona has been presented,
applying the developed models and presenting the optimum fleet sizes for both the
customers and the drivers and the most significant performance indicators. The
optimum shifts policy for the city of Barcelona has been presented, which is
composed by a 95% of 8-hour shifts and a 5% of 4-hour shifts. The impacts of the
difference between the optimum supply and the one proposed by the shifts policy
have been quantified.

6.4. Future directions of research

Future research should develop analytic taxi demand estimation methods, which will
be taken into account in order to analyze the long-term impacts of taxi policies on
the performance of the taxi market. Formulations for the non-uniform demand
should be provided for the three operation modes, especially when the presence of
taxi hot spots or aiports is significant in the study zone. Forecast and real-time
estimations should be also included in the taxi modeling, in order to analyze the
impact of new technologies to the level of service provided to the taxi customers.

Simulation-based models should be further developed and used for analyzing the
performance of the taxi market. These kinds of models are able to provide detailed
operational data, but also to test different configurations and scenarios in order to
compare or estimate the impacts of new policy measures.
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There is a strong need for data collection related to the taxi market in order to
develop and calibrate more realistic models. The technology for providing this data
already exists and is widely used by most of the taxi fleets. Collaboration between
research and taxi operators should be established in order to share this data,
creating win-win situations, where the taxi industry will receive benefits from the
research conducted with the provided data. New business models should be
developed based on this data, not only for the provison of taxi services, but also for
the provision of traffic-related services by using taxis as Floating Car Data collectors.
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7. ANNEXES

ANNEX I: Source code of the Matlab programs (agent-based model)

tot.m

programa_enunciat

programa_moviment

%resultats

T(:,1:6)=taxi(:,5:10);

C(:,1)=client(:,1);

C(:,2:4)=client(:,6:8);

C(:,5)=client(:,10);

C(:,6:11)=client(:,13:18);

%dibuixar oferta i demanda resultant

figure(4)
subplot(4,1,1);bar(vec_dem(1:24,1),'DisplayName’,'"demm(1:24,2)");figure(gcf)
subplot(4,1,2);bar(vec_of(1:24,1),'DisplayName’,'off(1:24,1)");figure(gcf)
subplot(4,1,3);bar(demm(1:24,1),' DisplayName','demm(1:24,2)");figure(gcf)
subplot(4,1,4);bar(off(1:24,1),'DisplayName','off(1:24,1)');figure(gcf)

programa_enunciat.m

%carrego la xarxa i la dibuixo
dataSF

%%

%carrego les parades

parades

%%

%carrego la oferta i la dibuixo
ofe

%%

%carrego la demanda i la dibuixo
dem

%%

%carrego la demanda i la dibuixo
cong

%%

%tanco els clients i els taxis
client(:,1)=-999999999999;
taxi(:,4)=-999999999999;

hold off

dataSF.m

% ho esborro tot

clc

clear all

%carreguem les dades de la xarxa (FFv=30km/h)

%FR TO CAP FFTT A B VOL CURT XFR YFR XTO YTO XCE YCE LEN PES
L=(1 2 25900 32 0 4 4495 32 50 5103205101855102701

24 23 5079 10 0 4 7862 18 13050 13013013090 80 1);

%%

%dibuixo la xarxa

figure(1)

for i=1:length(L)
a=(L(i,9),L(i,11));
b=(L(i,10),L(i,12));
plot (a,b,'k")
hold on

end

axis((0 450 0 550))

parades.m
%id link dist x y taxis clients
parad=(127 15

4 815);

numparad=length(parad);

for h=1:numparad
aaa=L(parad(h,2),9)+parad(h,3)*(L(parad(h,2),11)-L(parad(h,2),9))/L(parad(h,2),15);
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bbb=L(parad(h,2),10)+parad(h,3)*(L(parad(h,2),12)-L(parad(h,2),10))/L(parad(h,2),15);
parad(h,4)=aaa;
parad(h,5)=bbb;

end

parad(:,6)=0;

parad(:,7)=0;

plot(parad(:,4),parad(:,5),'ks')

fifota(numparad,2)=0;

fifocl(numparad,2)=0;

ofe.m

%%genero la oferta

%defineixo el cost de la baixada de bandera i la tarificacio
bd=3;

tar_time=12;

tar_dist=50;

tar=0.2;

%carrego la oferta per a cada hora (flota dispatching stop)
oferta=(0 500 500 500

23 500 500 500);
%defineixo la jornada de treball
jornada=28800;
%inicio el contador de taxis
post=1;
%inicio el vector real doferta
vec_of(24,1)=0;
%genero lo oferta acumulada en fucnio de la jornada laboral
off=oferta(:,2)-500;
fori=24:-1:1

if i<=8

off(i)=sum(off(1:i));
end
if i>8
off(i)=sum(off(i-8:i));

end
end
%dibuixo el perfil de la oferta
figure(2)
subplot(3,1,1);bar(off(1:24,1),' DisplayName’,'off(1:24,1)");figure(gcf)
taxi(1,26)=0;

dem.m

%perfil de demanda per a cada hora (demanda absoluta i dispatching)
%TIME DEMANDA DISPATCHING

demanda=(0 500 500 500

1 500 500 500

23 500 500 500);

%dibuixo la demanda al llarg del dia

demm=demanda(:,2)-500;

figure(2)
subplot(3,1,2);bar(demm(1:24,1),'DisplayName’,'demm(1:24,2)");figure(gcf)
%creo el vector real de demanda

vec_dem(24,1)=0;

%inicio el contador de clients i el vector de clients

posc=1;

client(1,26)=0;

cong.m
%perfil de congestio que multiplica el temps de viatge en funcio de Ihora
%TIME valor

congestio=(0 1

0NV A WN R
PR R R R R R R

Pag. 183 of 233



Modelling of taxi cab fleets in urban environment Josep Maria Salanova Grau - 2013

16 1

17 11

18 1.2

19 11

20 1

211

22 1

23 1);

%dibuixo el graf de la congestio al llarg del dia
figure(2)
subplot(3,1,3);bar(congestio(1:24,2),'DisplayName','demm(1:24,2)");figure(gcf)
hold off

programa_moviment.m
%defineixo velocitat d'animacio, linici, el final i dibuixo la xarxa base
speed=100000000000000000;
pas=1;
inici=21600;
final=86400;
temps=final-inici;
figure(3)
for i=1:length(L)
a=(L(i,9),L(i,11));
b=(L(i,10),L(i,12));
plot (a,b,'k")
hold on
end
plot(parad(:,4),parad(:,5),'bs')
axis((1 450 1 550))
pause(1/speed)
%%
%input de dades
taxnor=input('hailing??');
taxdis=input('dispatching??");
taxst=input('stops??');
%%
%corre el temps
for t=inici:pas:final-1
%contador de temps
t/final
%carrego la oferta
vehicle=round(oferta(round(24*t/final-0.5)+1,2)*rand()/1000);
%vehicle=1;
%if t==21600
%%%%molts vehicles
%vehicle=1;
%end
vehi(t,1)=vehicle;
vec_of(round(24*t/final-0.5)+1,1)=vec_of(round(24*t/final-0.5)+1,1)+vehicle;
%actualitzo el vector de taxis (% link distlink dispatching situacio dbuit dple tbuit tple ingres ttotal
% client xbuit ybuit tempstorn tempsrestant xple yple distanciatemporal xdisp ydisp assignat stop paradalink parada dist
xstop ystop)
if vehicle==1
taxi(post,1)=round((length(L)-1)*rand())+1;
%taxi(post,30)=taxi(post,1);
taxi(post,2)=L(taxi(post,1),15)*rand();
taxi(post,4)=0;
taxi(post,10)=0;
taxi(post,15)=jornada;
taxi(post,21)=0;
if taxnor==0
moneda=round(rand);
taxi(post,3)=taxdis*abs(taxdis-taxst)+taxdis*taxst*moneda;
if taxi(post,3)==0

Pag. 184 of 233



Modelling of taxi cab fleets in urban environment Josep Maria Salanova Grau - 2013

taxi(post,22)=1;
end
end
%dispatching?
if taxdis==1 & taxnor==1
taxi(post,3)=round(oferta(round(24*t/final-0.5)+1,3)*rand()/1000);
end
if taxi(post,3)==0
if taxst==1 & taxnor==1
%stop?
taxi(post,22)=round(oferta(round(24*t/final-0.5)+1,4) *rand()/1000);
end
fet=0;
if taxi(post,22)==1
(a b)=min(abs(taxi(post,1)-parad(:,2)));
if a==0 & taxi(post,2)<parad(b,3)
fet=1;
parada_as=b;
%pathstaxis(post,:)=pathsparades(parada_as,:);
taxi(post,23)=parad(parada_as,2);
taxi(post,22)=parada_as;
taxi(post,24)=parad(parada_as,3);
end
end
if fet==0 & taxi(post,22)==1
%lassigno a una parada
stops
end
end
post=post+1;
end
%carrego la demanda
trip=round(demanda(round(24*t/final-0.5)+1,2)*rand()/1000);
if taxdis==1 & taxnor+taxst==0 & max((taxi(:,3)-taxi(:,21)).*(1-taxi(:,11)))<1
trip=0;
end
%trip=1;
tri(t,1)=trip;
vec_dem(round(24*t/final-0.5)+1,1)=vec_dem(round(24*t/final-0.5)+1,1)+trip;
%actualitzo el vector clients (sit frL frD toL toD wtime ttime dist dispatching cost x y
%taxi frL frD toL toD temps_inici contador_temps contador_distancia xdispmovblau ydispmovblau xdispmovgroc
ydispmovgroc xdispstop ydispstop)
if trip==1
client(posc,1)=1;
client(posc,2)=round((length(L)-1)*rand())+1;
client(posc,14)=client(posc,2);
client(posc,3)=0.25*L(client(posc,2),15)+0.5*L(client(posc,2),15)*rand();
client(posc,15)=client(posc,3);
client(posc,18)=t;
ts=0;
while ts==
client(posc,4)=round((length(L)-1)*rand())+1;
client(posc,16)=client(posc,4);
client(posc,5)=0.25*L(client(posc,4),15)+0.50*L(client(posc,4),15)*rand();
client(posc,17)=client(posc,5);
%comprobacio que el viatge te sentit
sentitl=(L(client(posc,2),1) L(client(posc,2),1) L(client(posc,2),2) L(client(posc,2),2));
sentit2=(L(client(posc,4),1) L(client(posc,4),2) L(client(posc,4),1) L(client(posc,4),2));
ts=min(abs(sentit1l-sentit2));
end
dij
while dijkstra(Destination,4)==0
ts=0;
while ts==
client(posc,4)=round((length(L)-1)*rand())+1;
client(posc,16)=client(posc,4);
client(posc,5)=0.25*L(client(posc,4),15)+0.50*L(client(posc,4),15)*rand();
client(posc,17)=client(posc,5);
%comprobacio que el viatge te sentit
sentitl=(L(client(posc,2),1) L(client(posc,2),1) L(client(posc,2),2) L(client(posc,2),2));
sentit2=(L(client(posc,4),1) L(client(posc,4),2) L(client(posc,4),1) L(client(posc,4),2));
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ts=min(abs(sentitl-sentit2));
end
dij
end
client(posc,10)=0;
client(posc,11)=L(client(posc,2),9)+client(posc,3)*(L(client(posc,2),11)-L(client(posc,2),9))/L(client(posc,2),15);
client(posc,12)=L(client(posc,2),10)+client(posc,3)*(L(client(posc,2),12)-L(client(posc,2),10))/L(client(posc,2),15);
client(posc,13)=0;
if taxnor==0
moneda=round(rand);
client(posc,9)=taxdis*abs(taxdis-taxst)+taxdis*taxst*moneda;
if client(posc,9)==0
client(posc,9)=-1;
end
end
if taxdis==1 & taxnor==1
%dispatching?
client(posc,9)=round(demanda(round(24*t/final-0.5)+1,3)*rand()/1000);
end
if max((taxi(:,3)-taxi(:,21)).*(1-taxi(:,11)))<1 & client(posc,9)==1
client(posc,9)=0;
end
if client(posc,9)==1
client(posc,21)=client(posc,9)*client(posc,11);
client(posc,22)=client(posc,9)*client(posc,12);
end
%assigno els clients dispatching
if client(posc,9)==1
%hi ha algun taxi al mateix link??
fet=0;
(a b)=min(1000000*(abs(1-taxi(:,3)-taxi(:,21)))+1000000*abs(taxi(:,1)-client(posc,2))+abs(taxi(:,2)-client(posc,3)));
if a<1000000 & taxi(b,2)<client(posc,3)
fet=1;
%ja lagafara quan passi per davant
taxi(b,4)=client(posc,2);
taxi(b,5)=client(posc,3);
taxi(b,11)=posc;
taxi(b,16)=taxi(b,12);
taxi(b,17)=taxi(b,13);
taxi(b,12)=0;
taxi(b,13)=0;
taxi(b,19)=0;
taxi(b,20)=0;
taxi(b,21)=1;
client(posc,2)=0;
client(posc,23)=client(posc,11);
client(posc,24)=client(posc,12);
client(posc,13)=b;
client(posc,10)=bd;
end
if fet==0
%trobo el taxi mes proper (no directe, sino per dikjstra, funciona amb els links al reves amb origen el client)
dij2
end
end
if taxst==1 & taxnor==1
%stop?
if client(posc,9)==0
client(posc,9)=-round(demanda(round(24*t/final-0.5)+1,4)*rand()/1000);
end
end
if client(posc,9)==-
%lassigno a una parada
parada=1+round((numparad-1)*rand);
client(posc,2)=parad(parada,2);
client(posc,3)=parad(parada,3);
%comprobacio si el viatge te sentit
ts=0;
while ts==0
client(posc,4)=round((length(L)-1)*rand())+1;
client(posc,16)=client(posc,4);
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client(posc,5)=0.25*L(client(posc,4),15)+0.50*L(client(posc,4),15)*rand();
client(posc,17)=client(posc,5);
%comprobacio que el viatge te sentit
sentitl=(L(client(posc,2),1) L(client(posc,2),1) L(client(posc,2),2) L(client(posc,2),2));
sentit2=(L(client(posc,4),1) L(client(posc,4),2) L(client(posc,4),1) L(client(posc,4),2));
ts=min(abs(sentit1l-sentit2));
end
dij
%si a la parada no hi ha taxis es posa a la cua
if parad(parada,6)==0
parad(parada,7)=parad(parada,7)+1;
fifocl(parada,parad(parada,7))=posc;
client(posc,11)=parad(parada,4);
client(posc,12)=parad(parada,5);
end
%si a la parada hi ha taxis agafa el primer
if parad(parada,6)>0
parad(parada,6)=parad(parada,6)-1;
veh_cua=fifota(parada,1);
client(posc,1)=0;
client(posc,2)=0;
client(posc,11)=0;
client(posc,12)=0;
client(posc,21)=0;
client(posc,22)=0;
client(posc,25)=taxi(veh_cua,12);
client(posc,26)=taxi(veh_cua,13);
client(posc,13)=veh_cua;
client(posc,10)=bd;
client(posc,9)=0;
taxi(veh_cua,4)=client(posc,4);
taxi(veh_cua,5)=client(posc,5);
taxi(veh_cua,11)=posc;
taxi(veh_cua,19)=0;
taxi(veh_cua,20)=0;
taxi(veh_cua,16)=taxi(veh_cua,12);
taxi(veh_cua,17)=taxi(veh_cua,13);
taxi(veh_cua,12)=0;
taxi(veh_cua,13)=0;
fifota(parada,1:end-1)=fifota(parada,2:end);
fifota(parada,end)=0;
pathstaxis(veh_cua,:)=paths(posc,:);
end
end
posc=posc+1;
end
%moc els taxis
o=size(taxi);
fori=1:0(1,1)
if taxi(i,4)==0
if taxi(i,15)>0 %si el taxi esta a la xarxa, buit i te temps disponible
temp=taxi(i,2)+L(taxi(i,1),15)/L(taxi(i,1),8);
taxi(i,18)=L(taxi(i,1),15)/L(taxi(i,1),8);
if temp<L(taxi(i,1),15)
taxi(i,2)=temp;

end

if temp>=L(taxi(i,1),15) & taxi(i,22)==0
%canvi link
taxi(i,2)=temp-L(taxi(i,1),15);
canvi_link
taxi(i,1)=sol;

end

if temp>=L(taxi(i,1),15) & taxi(i,22)>0 & abs(taxi(i,1)-taxi(i,23))>0%taxi va a parada i no hi ha arribat
taxi(i,2)=temp-L(taxi(i,1),15);

canvi_link3
taxi(i,1)=sol;
end

taxi(i,10)=taxi(i,10)+1;

%calculo les coordenades del taxi
aa=L(taxi(i,1),9)+taxi(i,2)*(L(taxi(i,1),11)-L(taxi(i,1),9))/L(taxi(i,1),15);
bb=L(taxi(i,1),10)+taxi(i,2)*(L(taxi(i,1),12)-L(taxi(i,1),10))/L(taxi(i,1),15);
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end
if taxi(i,15)==1
taxi(i,4)=-1;

taxi(i,12)=0;
taxi(i,13)=0;
end
end
if taxi(i,4)>0
if taxi(i,15)>0 %si el taxi esta a la xarxa, ple i te temps disponible
temp=taxi(i,2)+L(taxi(i,1),15)/L(taxi(i,1),8);
taxi(i,18)=L(taxi(i,1),15)/L(taxi(i,1),8);
if temp<L(taxi(i,1),15)
taxi(i,2)=temp;
end
if temp>=L(taxi(i,1),15)
%canvi link
taxi(i,2)=temp-L(taxi(i,1),15);
if taxi(i,21)==1%taxi assignat

canvi_link3
end
if taxi(i,21)==0%taxi no assignat
canvi_link2
end
taxi(i,1)=sol;
end

taxi(i,10)=taxi(i,10)+1;
%calculo les coordenades del taxi

aa=L(taxi(i,1),9)+taxi(i,2)*(L(taxi(i,1),11)-L(taxi(i,1),9))/L(taxi(i,1),15);
bb=L(taxi(i,1),10)+taxi(i,2)*(L(taxi(i,1),12)-L(taxi(i,1),10))/L(taxi(i,1),15);

end
if taxi(i,15)==1
taxi(i,15)=taxi(i,15)+1;
end
end
%taxi buit
if taxi(i,4)==0
taxi(i,7)=taxi(i,7)+1;
taxi(i,15)=taxi(i,15)-1;
taxi(i,12)=(1-taxi(i,3))*aa;
taxi(i,13)=(1-taxi(i,3))*bb;
taxi(i,19)=taxi(i,3)*aa;
taxi(i,20)=taxi(i,3)*bb;
if taxi(i,22)>0
taxi(i,25)=aa;
taxi(i,26)=bb;
end
taxi(i,5)=taxi(i,5)+taxi(i, 18);
%recollida client?
(a b)=min(1000000*abs(taxi(i,1)-client(:,2))+abs(taxi(i,2)-client(:,3)));

Josep Maria Salanova Grau - 2013

if a<1000000 & taxi(i,2)>=client(b,3) & taxi(i,2)-taxi(i,18)<=client(b,3) & client(b,9)==taxi(i,3) & taxi(i,22)==0

client(b,1)=0;
client(b,2)=0;
client(b,11)=0;
client(b,12)=0;
client(b,21)=0;
client(b,22)=0;
client(b,13)=i;
client(b,10)=bd;
taxi(i,4)=client(b,4);
taxi(i,5)=client(b,5);
taxi(i,11)=b;
taxi(i,12)=0;
taxi(i,13)=0;
taxi(i,19)=0;
taxi(i,20)=0;
taxi(i,16)=aa;
taxi(i,17)=bb;
end
%arriba a parada i esta buida?
if taxi(i,1)==taxi(i,23) & taxi(i,2)>=taxi(i,24) & parad(taxi(i,22),7)==0
taxi(i,12)=parad(taxi(i,22),4);
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taxi(i,13)=parad(taxi(i,22),5);

parad(taxi(i,22),6)=parad(taxi(i,22),6)+1;
fifota(taxi(i,22),parad(taxi(i,22),6))=i;

taxi(i,4)=-1;
taxi(i,25)=parad(taxi(i,22),4);
taxi(i,26)=parad(taxi(i,22),5);
end

%arriba a parada i hi ha cua?

if taxi(i,1)==taxi(i,23) & taxi(i,2)>=taxi(i,24) & parad(taxi(i,22),7)>0
parad(taxi(i,22),7)=parad(taxi(i,22),7)-1;

cli_cua=fifocl(taxi(i,22),1);
client(cli_cua,1)=0;
client(cli_cua,2)=0;
client(cli_cua,11)=0;
client(cli_cua,12)=0;
client(cli_cua,21)=0;
client(cli_cua,22)=0;
client(cli_cua,25)=taxi(i,12);
client(cli_cua,26)=taxi(i,13);
client(cli_cua,13)=i;
client(cli_cua,10)=bd;
client(cli_cua,9)=0;
taxi(i,4)=client(cli_cua,4);
taxi(i,5)=client(cli_cua,5);
taxi(i,11)=cli_cua;
taxi(i,19)=0;

taxi(i,20)=0;
taxi(i,16)=taxi(i,12);
taxi(i,17)=taxi(i,13);
taxi(i,12)=0;

taxi(i,13)=0;

taxi(i,25)=0;

taxi(i,26)=0;

fifocl(taxi(i,22),1:end-1)=fifocl(taxi(i,22),2:end);

fifocl(taxi(i,22),end)=0;
pathstaxis(i,:)=paths(cli_cua,:);
end
end
%taxi ocupat

if taxi(i,4)>0 & taxi(i,21)==0 %sense assignacio

taxi(i,8)=taxi(i,8)+1;

taxi(i, 15)=taxi(i, 15)-1;
taxi(i,16)=aa;

taxi(i,17)=bb;
taxi(i,6)=taxi(i,6)+taxi(i, 18);
%lliurament de client?

(a b)=min(abs(taxi(i,1)-taxi(i,4)));

if a==0 & taxi(i,2)>=client(taxi(i,11),5) & taxi(i,11)>0

taxi(i,8)=taxi(i,8)-1;
taxi(i,15)=taxi(i,15)+1;
client(taxi(i,11),1)=-9999999999;
taxi(i,4)=0;

client(taxi(i,11),2)=0;
client(taxi(i,11),4)=0;

client(taxi(i,11),8)=client(taxi(i,11),8)+taxi(client(taxi(i,11),13),18);

client(taxi(i,11),21)=0;
client(taxi(i,11),22)=0;
client(taxi(i,11),23)=0;
client(taxi(i,11),24)=0;
client(taxi(i,11),25)=0;
client(taxi(i,11),26)=0;
taxi(i,25)=0;

taxi(i,26)=0;

%taxi(i,8)=taxi(i,8)+client(taxi(i,11),5);

taxi(i,16)=0;

taxi(i,17)=0;
taxi(i,12)=(1-taxi(i,3)) *aa;
taxi(i,13)=(1-taxi(i,3))*bb;
taxi(i,19)=taxi(i,3)*aa;
taxi(i,20)=taxi(i,3) *bb;
fare2
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taxi(i,9)=taxi(i,9)+client(taxi(i,11),10);
taxi(i,11)=0;
%va a parada??
fet=0;
if taxi(i,22)>0
taxi(i,25)=aa;
taxi(i,26)=bb;
(a b)=min(abs(taxi(i,1)-parad(:,2)));
if a==0 & taxi(i,2)<parad(b,3)
fet=1;
parada_as=b;
%pathstaxis(i,:)=pathsparades(parada_as,:);
taxi(i,23)=parad(parada_as,2);
taxi(i,22)=parada_as;
taxi(i,24)=parad(parada_as,3);
end
end
if fet==0 & taxi(i,22)>0
%lassigno a una parada
stops2
end
end
end
%taxi ocupat
if taxi(i,4)>0 & taxi(i,21)==1 %assignat
taxi(i,8)=taxi(i,8)+1;
taxi(i,15)=taxi(i,15)-1;
taxi(i,6)=taxi(i,6)+taxi(i,18);
taxi(i,16)=aa;
taxi(i,17)=bb;
%recollida de client?
a=taxi(i,1)-taxi(i,4);
if a==0 & taxi(i,2)>=client(taxi(i,11),3)
client(taxi(i,11),1)=0;
client(taxi(i,11),2)=0;
client(taxi(i,11),11)=0;
client(taxi(i,11),12)=0;
client(taxi(i,11),21)=0;
client(taxi(i,11),22)=0;
client(taxi(i,11),23)=0;
client(taxi(i,11),24)=0;
%client(b,21)=0;
%client(b,13)=i;
%client(b,10)=bd;
%client(taxi(i,11),9)=0;
taxi(i,4)=client(taxi(i,11),4);
taxi(i,5)=client(taxi(i,11),5);
%taxi(i,11)=b;
taxi(i,12)=0;
taxi(i,13)=0;
taxi(i,16)=aa;
taxi(i,17)=bb;
taxi(i,19)=0;
taxi(i,20)=0;
taxi(i,21)=0;
end
end
end
%"moc" els clients
figure(3)
o=size(client);
foru=1:0(1,1)
if client(u,1)>0
client(u,6)=client(u,6)+1;
x=1.01*client(u,11);
y=1.01*client(u,12);
no=client(u,6);
client(u,23)=0;
client(u,24)=0;
client(u,25)=0;
client(u,26)=0;
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if client(u,9)==-1
client(u,21)=0;
client(u,22)=0;
client(u,25)=client(u,11);
client(u,26)=client(u,12);
end
%eval(('text(x,y,' 'num2str(no)'")"))
end
if client(u,1)==0 & abs(client(u,9))==0
client(u,7)=client(u,7)+1;
client(u,19)=client(u,19)+1;
client(u,8)=client(u,8)+taxi(client(u,13),18);
client(u,20)=client(u,20)+taxi(client(u,13),18);
xx=taxi(client(u,13),16);
yy=taxi(client(u,13),17);
client(u,21)=xx;
client(u,22)=yy;
client(u,23)=0;
client(u,24)=0;
client(u,25)=0;
client(u,26)=0;
if taxi(client(u,13),22)>0
client(u,21)=0;
client(u,22)=0;
client(u,25)=xx;
client(u,26)=yy;
end
%no=client(taxi(client(u,13),11),7);
%eval(('text(xx,yy,' '"num2str(no)'')'))
%es mou el taximetre?
fare
end
if abs(client(u,9))>0 & client(u,1)==0
client(u,7)=client(u,7)+1;
client(u,19)=client(u,19)+1;
client(u,8)=client(u,8)+taxi(client(u,13),18);
client(u,20)=client(u,20)+taxi(client(u,13),18);
xx=taxi(client(u,13),16);
yy=taxi(client(u,13),17);
client(u,23)=0;
client(u,24)=0;
client(u,25)=0;
client(u,26)=0;
if client(u,9)==1
client(u,23)=xx;
client(u,24)=yy;
end
if taxi(client(u,13),22)>0
client(u,21)=0;
client(u,22)=0;
client(u,25)=xx;
client(u,26)=yy;
end
no=client(taxi(client(u,13),11),7);
%eval(('text(xx,yy,' 'num2str(no)'')"))
%es mou el taximetre?
fare
end
%pause(1/speed)
end
pause(1/speed)
%dibuixo els taxis i els clients
figure(3)
for h=1:length(L)
a=(L(h,9),L(h,11));
b=(L(h,10),L(h,12));
plot (a,b,'k")
hold on
end
plot(parad(:,4),parad(:,5),'bs')
for u=1:numparad
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xp=parad(u,4)+5;
yp=parad(u,5)+10;
nop=parad(u,6);
eval(('text(xp,yp,' 'num2str(nop)'')"))
xp=parad(u,4)-10;
yp=parad(u,5)+10;
nop=parad(u,7);
eval(('text(xp,yp,' 'num2str(nop)'')"))
end
plot(client(:,11),client(:,12),'r*')
plot(client(:,21),client(:,22),'g*')
plot(client(:,23),client(:,24),'m*")
plot(client(:,25),client(:,26),'b*')
axis((1 450 1 550))
plot(taxi(:,12),taxi(:,13),'ro')
plot(taxi(:,19),taxi(:,20),'ko")
plot(taxi(:,16),taxi(:,17),'go")
plot(taxi(:,25),taxi(:,26),'bo’)
%plot(taxi(:,16),taxi(:,17),'g*')
%dades
x=400;
y=450;
no=t;
%eval(('text(x,y,' 'num2str(no)'')"))
hold off
end

%trobo el shortest path pels clients
o=size(client);

NoN=24;

NolL=76;

%genero un vector temporal de links

LL=L;

%esborro els antics vectors de path i dijkstra
clear dijkstra

clear path

%elimino el path on sha originat el client i es path on vol anar per evitar

%girs de 180 graus
w=LL(client(posc,2),1);
ww=LL(client(posc,2),2);
g=LL(client(posc,4),1);
gq=LL(client(posc,4),2);
LL(client(posc,2),:)=();
esb=0;
for n=1:NolL-1
if LL(n,1)==ww
if LL(n,2)==w
nn=n;
esb=1;
end
end
end
if esb==1
LL(nn,:)=();
end
esb=0;
for m=1:NolL-2
if LL(m,1)==qq
if LL(m,2)==q
mm=m;
esb=1;
end
end
end
if esb==1
LL(mm,:)=();
end
%genero el vector dikjstra
dijkstra(:,1) = 1:NoN;
dijkstra(:,2) = ones(NoN,1);
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dijkstra(:,3) = 9999999999*ones(NoN, 1);
dijkstra(:,4) = zeros(NoN, 1);
dijkstra(:,5) = 9999999999*ones(NoN,1);
%dono origen i destinacio
Origin=L(client(posc,2),2);
Destination=L(client(posc,4),1);
%resolem dijkstra
dijkstra(Origin,2)=0;%kleinei to prwto node (poy einai iso me to origin)
dijkstra(Origin,3)=0; % midenizo to kostos tou prwto node
fori=1:NoL-3
if LL(i,1)==0rigin
temp=dijkstra(Origin,3)+ LL(i,15).*congestio(round(24*t/final-0.5)+1,2);
if temp < dijkstra(LL(i,2),3)
dijkstra(LL(i,2),3)= temp;
dijkstra(LL(i,2),4) = LL(i,1);
dijkstra(LL(i,2),5)= temp;
end
end
dijkstra(Origin,5)= 9999999999;
end
contador=1;
while dijkstra(Destination,2)>0 & contador<NolL+1
contador=contador+1;
(value position)=min(dijkstra(:,5));
position;
fori=1:NoL-3
if LL(i,1)==position
temp=dijkstra(position,3)+ LL(i,15).*congestio(round(24*t/final-0.5)+1,2);
if temp < dijkstra(LL(i,2),3)
dijkstra(LL(i,2),3)= temp;
dijkstra(LL(i,2),4) = LL(i,1);
dijkstra(LL(i,2),5)= temp;
end
end
end
dijkstra(position,5)= 9999999999;
dijkstra(position,2)= 0;
%plot(NodelD(position,2),NodelD(position,3),'yo')
%hold on
end
%genero el path a seguir i lescric a la matriu de paths
path = Destination;
count=2;
if dijkstra(Destination,4)>0
while abs(path(count-1)- Origin) >0
path(count)=dijkstra(path(count-1),4);
count=count+1;
end
path(1:length(path))=path(length(path):-1:1);
path(1,length(path)+1)=L(client(posc,4),2);
path(NolL+1)=0;
paths(posc,NoL+1)=0;
paths(posc,:)=path();
paths(posc,NoL+1)=1;
end

dij2.m

%trobo el shortest path pels taxis
o=size(client);

NoN=24;

NolL=76;

%genero un vector temporal de links

LLL=L;

LLL(:,1)=L(:,2);

LLL(:,2)=L(:,1);

%esborro els antics vectors de path i dijkstra
clear dijkstra

clear path

clear distancies

%elimino el path oposat al que esta esperant el client
w=LLL(client(posc,2),1);
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ww=LLL(client(posc,2),2);
LLL(client(posc,2),:)=();
for n=1:NoL-1
if LLL(n,1)==ww
if LLL(n,2)==w
nn=n;
end
end
end
LLL(nn,:)=();
LL=LLL;
o=size(taxi);
distancies(1:0(1,1))=99999999999;
% per cada taxi trobo la distancia minima
foru=1:0(1,1)
if taxi(u,3)==1 & taxi(u,4)==0
LL=LLL;
clear dijkstra;
clear path
w=L(taxi(u,1),1);
ww=L(taxi(u,1),2);
esb=0;
for n=1:NoL-2
if LL(n,2)==ww
if LL(n,1)==w
nn=n;
esb=1;
end
end
end
if esb==1
LL(nn,:)=();
end
esb=0;
for n=1:NoL-3
if LL(n,1)==ww
if LL(n,2)==w
nn=n;
esb=1;
end
end
end
if esb==1
LL(nn,:)=();
end
dijkstra(:,1) = 1:NoN;
dijkstra(:,2) = ones(NoN,1);
dijkstra(:,3) = 9999999999*ones(NoN, 1);
dijkstra(:,4) = zeros(NoN, 1);
dijkstra(:,5) = 9999999999*ones(NoN, 1);
Origin=L(client(posc,2),1);
Destination=L(taxi(u,1),2);
o=size(taxi);
dijkstra(Origin,2)=0;%kleinei to prwto node (poy einai iso me to origin)
dijkstra(Origin,3)=0; % midenizo to kostos tou prwto node
for ii=1:NoL-4
if LL(ii,1)==0rigin

temp=dijkstra(Origin,3)+ LL(ii,15).*congestio(round(24*t/final-0.5)+1,2);

if temp < dijkstra(LL(ii,2),3)
dijkstra(LL(ii,2),3)= temp;
dijkstra(LL(ii,2),4) = LL(ii,1);
dijkstra(LL(ii,2),5)= temp;
end
end
dijkstra(Origin,5)= 9999999999;
end
contador=1;
while dijkstra(Destination,2)>0 & contador<NoL+1
contador=contador+1;
(value position)=min(dijkstra(:,5));
position;
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forii=1:NoL-4
if LL(ii,1)==position
temp=dijkstra(position,3)+ LL(ii,15).*congestio(round(24*t/final-0.5)+1,2);
if temp < dijkstra(LL(ii,2),3)
dijkstra(LL(ii,2),3)= temp;
dijkstra(LL(ii,2),4) = LL(ii,1);
dijkstra(LL(ii,2),5)= temp;
end
end
end
dijkstra(position,5)= 9999999999;
dijkstra(position,2)=0;
%plot(NodelD(position,2),NodelD(position,3),"'yo")
%hold on
end
path = Destination;
count=2;
if dijkstra(Destination,4)>0
while abs(path(count-1)- Origin) >0
path(count)=dijkstra(path(count-1),4);
count=count+1;
end
path(1,length(path)+1)=L(client(posc,2),2);
path(NoL+1)=0;
pathstaxis(u,NoL+1)=0;
pathstaxis(u,:)=path();
pathstaxis(u,NoL+1)=1;
distancies(u)=dijkstra(Destination,3);
end
end
end
%escullo el taxi mes proper
(a b)=min(distancies);
taxi_as=b;
if a<99999999999
taxi(taxi_as,4)=client(posc,14);
taxi(taxi_as,5)=client(posc,15);
taxi(taxi_as,11)=posc;
taxi(taxi_as,12)=0;
taxi(taxi_as,13)=0;
taxi(taxi_as,16)=aa;
taxi(taxi_as,17)=bb;
taxi(taxi_as,19)=0;
taxi(taxi_as,20)=0;
taxi(taxi_as,21)=1;
client(posc,2)=0;
client(posc,23)=client(posc,11);
client(posc,24)=client(posc,12);
client(posc,13)=taxi_as;
client(posc,10)=bd;
end

fare.m
%cost a cada bhma en funcio de la distancia o del temps (vmax 30km/h)
%3 euros baixada de bandera
%0.2 euro per 50m
%0.2 euro per 12 seg
%quan va a 15km/h es el mateix cobrar per distancia o per temps, per sota
%de 15km/h guanya mes per temps, per sobre de 15km/h per distancia
if client(u,19)>=tar_time
client(u,10)=client(u,10)+tar;
client(u,19)=0;
client(u,20)=0;
end
if client(u,20)>=tar_dist
client(u,10)=client(u,10)+tar;
client(u,19)=1;
client(u,20)=client(u,20)-tar_dist;
end
fare2.m
%carrego la ultima part de la tarifa
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cost_dist=tar*client(taxi(i,11),19)/tar_time;

cost_time=tar*client(taxi(i,11),20)/tar_dist;

if cost_dist>=cost_time
client(taxi(i,11),10)=client(taxi(i,11),10)+cost_dist;
client(taxi(i,11),19)=0;
client(taxi(i,11),20)=0;

end

if cost_dist<cost_time
client(taxi(i,11),10)=client(taxi(i,11),10)+cost_time;
client(taxi(i,11),19)=0;
client(taxi(i,11),20)=0;

end

stops.m
%trobo la parada mes propera

o=size(client);
NoN=24;
NolL=76;
pathstaxis(post,1:NoL+1)=0;
%genero un vector temporal de links
LLL=L;
%esborro els antics vectors de path i dijkstra
clear dijkstra
clear path
clear distancies
clear pathsparades
%elimino el path oposat al que esta el taxi
w=LLL(taxi(post,1),1);
ww=LLL(taxi(post,1),2);
LLL(taxi(post,1),:)=();
for n=1:NoL-1
if LLL(n,1)==ww
if LLL(n,2)==w
nn=n;
end
end
end
LLL(nn,:)=();
LL=LLL;
o=size(parad);
distancies(1:0(1,1))=99999999999;
% per cada taxi parada la distancia minima
for u=1:0(1,1)
if abs(parad(u,2)-taxi(post,1))>0
LL=LLL;
clear dijkstra;
clear path
w=L(parad(u,2),1);
ww=L(parad(u,2),2);
esb=0;
for n=1:NolL-2
if LL(n,1)==ww
if LL(n,2)==w
nn=n;
esb=1;
end
end
end
if esb==1
LL(nn,:)=();
end
esb=0;
w=L(parad(u,2),1);
ww=L(parad(u,2),2);
for n=1:NoL-3
if LL(n,1)==w
if LL(n,2)==ww
nn=n;
esb=1;
end
end

Pag. 196 of 233



Modelling of taxi cab fleets in urban environment

end
if esb==1
LL(nn,:)=();
end
dijkstra(:,1) = 1:NoN;
dijkstra(:,2) = ones(NoN,1);
dijkstra(:,3) = 9999999999*ones(NoN, 1);
dijkstra(:,4) = zeros(NoN, 1);
dijkstra(:,5) = 9999999999*ones(NoN, 1);
Origin=L(taxi(post,1),2);
Destination=L(parad(u,2),1);
if length(LL)<73
o=size(taxi);
dijkstra(Origin,2)=0;%kleinei to prwto node (poy einai iso me to origin)
dijkstra(Origin,3)=0; % midenizo to kostos tou prwto node
forii=1:NoL-4
if LL(ii,1)==Origin

temp=dijkstra(Origin,3)+ LL(ii,15).*congestio(round(24*t/final-0.5)+1,2);

if temp < dijkstra(LL(ii,2),3)
dijkstra(LL(ii,2),3)= temp;
dijkstra(LL(ii,2),4) = LL(ii,1);
dijkstra(LL(ii,2),5)= temp;
end
end
dijkstra(Origin,5)= 9999999999;
end
contador=1;
while dijkstra(Destination,2)>0 & contador<NoL+1
contador=contador+1;
(value position)=min(dijkstra(:,5));
position;
for ii=1:NoL-4
if LL(ii,1)==position

temp=dijkstra(position,3)+ LL(ii,15).*congestio(round(24*t/final-0.5)+1,2);

if temp < dijkstra(LL(ii,2),3)
dijkstra(LL(ii,2),3)= temp;
dijkstra(LL(ii,2),4) = LL(ii,1);
dijkstra(LL(ii,2),5)= temp;
end
end
end
dijkstra(position,5)= 9999999999;
dijkstra(position,2)= 0;
%plot(NodelD(position,2),NodelD(position,3),'yo')
%hold on
end
path = L(parad(u,2),2);
path (2) = Destination;
count=3;
if dijkstra(Destination,4)>0
while abs(path(count-1)- Origin) >0
path(count)=dijkstra(path(count-1),4);
count=count+1;
end
path(1:end)=path(end:-1:1);
path(NolL+1)=0;
pathsparades(u,NoL+1)=0;
pathsparades(u,:)=path(:);
pathsparades(u,NoL+1)=1;
distancies(u)=dijkstra(Destination,3);
end
end
end
end
%escullo el taxi mes proper
(a b)=min(distancies);
parada_as=b;
pathstaxis(post,:)=pathsparades(parada_as,:);
taxi(post,23)=parad(parada_as,2);
taxi(post,22)=parada_as;
taxi(post,24)=parad(parada_as,3);
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stops2.m
%trobo la parada mes propera
o=size(client);
NoN=24;
NoL=76;
pathstaxis(post,1:NoL+1)=0;
%genero un vector temporal de links
LLL=L;
%esborro els antics vectors de path i dijkstra
clear dijkstra
clear path
clear distancies
clear pathsparades
%elimino el path oposat al que esta el taxi
w=LLL(taxi(i,1),1);
ww=LLL(taxi(i,1),2);
LLL(taxi(i,1),:)=();
for n=1:NoL-1
if LLL(n,1)==ww
if LLL(n,2)==w
nn=n;
end
end
end
LLL(nn,:)=();
LL=LLL;
o=size(parad);
distancies(1:0(1,1))=99999999999;
% per cada taxi parada la distancia minima
foru=1:0(1,1)
if abs(parad(u,2)-taxi(i,1))>0
LL=LLL;
clear dijkstra;
clear path
w=L(parad(u,2),1);
ww=L(parad(u,2),2);
esb=0;
for n=1:NoL-2
if LL(n,1)==ww
if LL(n,2)==w
nn=n;
esb=1;
end
end
end
if esb==1
LL(nn,:)=();
end
esb=0;
w=L(parad(u,2),1);
ww=L(parad(u,2),2);
for n=1:NoL-3
if LL(n,1)==w
if LL(n,2)==ww
nn=n;
esb=1;
end
end
end
if esb==1
LL(nn,:)=();
end
dijkstra(:,1) = 1:NoN;
dijkstra(:,2) = ones(NoN,1);
dijkstra(:,3) = 9999999999*ones(NoN, 1);
dijkstra(:,4) = zeros(NoN, 1);
dijkstra(:,5) = 9999999999*ones(NoN, 1);
Origin=L(taxi(i,1),2);
Destination=L(parad(u,2),1);
if length(LL)<73
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o=size(taxi);
dijkstra(Origin,2)=0;%kleinei to prwto node (poy einai iso me to origin)
dijkstra(Origin,3)=0; % midenizo to kostos tou prwto node
forii=1:NoL-4
if LL(ii,1)==Origin
temp=dijkstra(Origin,3)+ LL(ii,15).*congestio(round(24*t/final-0.5)+1,2);
if temp < dijkstra(LL(ii,2),3)
dijkstra(LL(ii,2),3)= temp;
dijkstra(LL(ii,2),4) = LL(ii,1);
dijkstra(LL(ii,2),5)= temp;
end
end
dijkstra(Origin,5)= 9999999999;
end
contador=1;
while dijkstra(Destination,2)>0 & contador<NoL+1
contador=contador+1;
(value position)=min(dijkstra(:,5));
position;
for ii=1:NoL-4
if LL(ii,1)==position
temp=dijkstra(position,3)+ LL(ii,15).*congestio(round(24*t/final-0.5)+1,2);
if temp < dijkstra(LL(ii,2),3)
dijkstra(LL(ii,2),3)= temp;
dijkstra(LL(ii,2),4) = LL(ii,1);
dijkstra(LL(ii,2),5)= temp;
end
end
end
dijkstra(position,5)= 9999999999;
dijkstra(position,2)=0;
%plot(NodelD(position,2),NodelD(position,3),'yo')
%hold on
end
path = L(parad(u,2),2);
path (2) = Destination;
count=3;
if dijkstra(Destination,4)>0
while abs(path(count-1)- Origin) >0
path(count)=dijkstra(path(count-1),4);
count=count+1;
end
path(1:end)=path(end:-1:1);
path(NoL+1)=0;
pathsparades(u,NoL+1)=0;
pathsparades(u,:)=path(:);
pathsparades(u,NoL+1)=1;
distancies(u)=dijkstra(Destination,3);
end
end
end
end
%escullo el taxi mes proper
(a b)=min(distancies);
parada_as=b;
pathstaxis(i,:)=pathsparades(parada_as,:);
taxi(i,23)=parad(parada_as,2);
taxi(i,22)=parada_as;
taxi(i,24)=parad(parada_as,3);

canvi_link.m
%%%canvi link taxi quan esta buit
%%contatge d'opcions
%inicio un contador
op=0;
%esborro els antics vectors de posibilitat i alternatives
clear pos
clear alt
%creo la llista dalternatives llegint la llista de links
for j=1:length(L)
%comprobo si el node on ha arribat el taxi es el node inicial del link
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if L(j,1)==L(taxi(i,1),2)
%comprobo que no es el node don venia el taxi
if abs(L(j,2)-L(taxi(i,1),1))>0
%actualitzo el contador dopcions
op=op+1;
%a les alternatives tinc el codic del link
alt(op)=j;
%a les posibilitats tinc el pes del link
pos(op)=L(j,16);
end
end
end
%%genero el vector de possibilitats
%inicio un contador
p=0;
%esborro lantic vector de probabilitats
clear prob
%genero el vector de probabilitat en funcio del pes de cada link
for j=1:length(alt)
prob(2*j-1)=p+1;
prob(2*j)=p+pos(j);
p=prob(2*j);
end
%escullo de forma aleatoria el node (sol)
sort=p*rand;
(asort bsort)=min(abs(prob-sort));
sol=alt(round(bsort/2));

canvi_link2.m
%%%canvi link taxi quan esta ocupat (ruta shortest path)
%%contatge d'opcions
%inicio un contador
op=0;
%esborro els antics vectors de node i alternatives
clear alt
clear nod
%creo la llista dalternatives llegint la llista de links
for j=1:length(L)
%comprobo si el node on ha arribat el taxi es el node inicial del link
if L(j,1)==L(taxi(i,1),2)
%comprobo que no es el node don venia el taxi
if abs(L(j,2)-L(taxi(i,1),1))>0
%actualitzo el contador dopcions
op=op+1;
%a les alternatives tinc el codic del link
alt(op)=j;
%als nodes tinc el seguent node on aniria seguint el link
%corresponent
nod(op)=L(j,2);
end
end
end
%llegeixo del vector de paths dels clients el seguent node a visitar(sol)
paths(taxi(i,11),NoL+1)=paths(taxi(i,11),NoL+1)+1;
seg=paths(taxi(i,11),paths(taxi(i,11),NoL+1));
(val pos)=min(abs(nod-seg));
sol=alt(pos);

canvi link3.m
%%%canvi link taxi quan el taxi va a buscar al client (ruta shortest path)
%%contatge d'opcions
%inicio un contador
op=0;
%esborro els antics vectors de node i alternatives
clear alt
clear nod
%creo la llista dalternatives llegint la llista de links
for j=1:length(L)
%comprobo si el node on ha arribat el taxi es el node inicial del link
if L(j,1)==L(taxi(i,1),2)
%comprobo que no es el node don venia el taxi
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if abs(L(j,2)-L(taxi(i,1),1))>0
%actualitzo el contador dopcions
op=o0p+1;
%a les alternatives tinc el codic del link
alt(op)=j;
%als nodes tinc el seguent node on aniria seguint el link
%corresponent
nod(op)=L(j,2);
end
end
end
%llegeixo del vector de paths dels taxis el seguent node a visitar(sol)
pathstaxis(i,NoL+1)=pathstaxis(i,NoL+1)+1;
seg=pathstaxis(i,pathstaxis(i,NoL+1));
(val pos)=min(abs(nod-seg));
sol=alt(pos);
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Source code of the Matlab programs (methodology for minimizing the difference
between the optimal supply and the one provided by the shifts system).

data.m

clear all
clc

1=1;
M=5912*(8/1) ;
A=zeros (24);

for i=1:24
A(i,i:i+1-1)=1;
end

for i=1:1-1
A(:,1)=A(:,1)+A(:,1+24);
end

AA=A(1:24,1:24);

AA=AA";

Oo=[776

651

553

526

522

626

923

1863

3005

3667

3348

3406

3374

2900

2265

2564

3331

2848

2592

2462

1961

1453

864

8231;

B=[16

16

16

16

16

16

16

17

18

18

18

18

18

18

17

17

18

18

17

17

17

17

16

16];

ub=[M
M

TRRER
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1

x0=sum (Oo) *ones (24,1)/ (8*24) ;
C=ones (1,24);

1b=[0

0

O OO OO ODODODODODODODODODODOOOOOOoOo

1

mh=[573
473
395
374
371
453
692
1477
2460
3038
2759
2810
2782
2369
1820
2078
2744
2323
2102
1990
1560
1131
644
611];

eval x.m
function £ = eval x(x)

1=1;
A=zeros (24);

for i=1:24
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A(i,i:i+1-1)=1;
end

for i=1:1-1
A(:,1)=A(:,1)+A(:,1+24);
end

AA=A(1:24,1:24);
AA=AA";

Oo=[776
651
553
526
522
626
923
1863
3005
3667
3348
3406
3374
2900
2265
2564
3331
2848
2592
2462
1961
1453
864
823];

B=[16
16
16
16
16
16
16
17
18
18
18
18
18
18
17
17
18
18
17
17
17
17
16
161;

O=AA*x;

Be=AA*B/1;

for i=1:24
m(i)=(0o(i)-0(i))"2;
end

f=sum(m) ;

solver.m
function [x,fval,maxfval,exitflag,output,lambda]l =
solver2 (x0,Aineq, bineq, Aeq, beq, 1b, ub)
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%% This is an auto generated MATLAB file from Optimization Tool.

%% Start with the default options

options = optimset;

%% Modify options setting

options = optimset (options, 'Display', 'off');

options = optimset (options, 'PlotFcns', { (@optimplotx @optimplotfval });
[x,fval,maxfval,exitflag,output, lambdal =

fminimax (Geval x,x0,Aineq,bineq,RAeq,beq,1lb,ub, [],options);
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ANNEX II: Screenshots of the Sioux Falls Network and the various configurations of
the agent based simulation model

Figure 7-1 Sioux Falls Network and stands location

Figure 7-1 shows the links and nodes of the Sioux Falls network, composed by 24
nodes and 76 links (38 bidirectional links). Four taxi stands have been arbitrary
added to the network for the graphical representation, represented by a square.

1] DD
N 00
0 1]
m
0 1]
1}
Vacant taxis O Waiting customers* Occupied taxis @

Figure 7-2 Hailing model

Figure 7-2 shows a screenshot of the hailing model, where red circles are vacant taxis
looking for a ride and red stars are customers waiting for a taxi. Green circles and
stars are occupied taxis with their respective customers traveling to the customer’s

destination.
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Unassigned taxis OAssigned taxis O Assigned customers )A{ Occupied taxis @

Figure 7-3 Dispatching model

Figure 7-3 shows a screenshot of the dispatching model, where black circles are
unassigned circulating taxis waiting for an assignment, green circles are assigned
taxis travelling to the assigned customer’s origin and green stars are assigned
customers waiting for their assigned taxi. Green circles and rose stars are occupied
taxis with their respective customers traveling to the customer’s destination.

5 10
B

Vacant taxis O Waiting customers * Occupied taxis @ customers 0 U 0 taxis

Figure 7-4 Stand model

Figure 7-4 shows a screenshot of the stand model, where the right number in each
taxi stand is the number of taxis in the queue, while the left number is the number of
customers in the queue. Blue circles are vacant taxis traveling to the nearest taxi
stand, while blue stars are customer waiting at taxi stands. Green taxis with blue
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stars are occupied taxis with their respective customers traveling to the customer’s
destination.

0]

Vacant taxi (hail) O Waiting customer * Occupied taxi @

Unassigned taxi OAssigned taxi O Assigned customer * Occupied taxi @

Vacant taxi (stand) OOccupied taxi @Naiting customer * customers 0 0 taxis

Figure 7-5 Hailing, dispatching and stand models running together

Figure 7-5 shows the three models running together, using the symbols described in
each individual model.
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ANNEX Ill: Demand distributions used in the agent based simulation model

7.1.1. Uniform distribution

The weight in this case is the same for all zones, meaning that the same amount of
trips is generated between all zones. The weight of each zone and OD pair are
presented in the figures below.

1 2 3 4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Zone

Figure 7-6 Demand weight of each node for the uniform distribution for the Sioux Falls Network
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0,607
0,506
0,405
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0.2 0,102
01 =001

13 Zone To

Figure 7-7 Demand weight of each OD pair for the uniform distribution for the Sioux Falls Network

7.1.2. Linear distribution

A linear distribution has been used in order to define the weight of the zones, which
is higher for the central zones of the OD and lower for the zones in the extremes of
the OD matrix.
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Figure 7-8 Demand weight of each node for the linear distribution for the Sioux Falls Network
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Figure 7-9 Demand weight of each OD pair for the linear distribution for the Sioux Falls Network

7.1.3. Gauss distribution with coefficient b=100
This distribution is equivalent to the uniform distribution.

1 2 3 4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Zone

Figure 7-10 Demand weight of each node for the Gauss distribution (b=100) for the Sioux Falls Network
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0,985 80,98.0,985
80,575.0,98
098

~ 13 Zone To

Figure 7-11 Demand weight of each OD pair for the Gauss distribution (b=100) for the Sioux Falls Network

7.1.4. Gauss distribution with coefficient 10

12

12 3 4 5 & 7 8 9 10 11 12 13 14

Zone

15 16 17 18 19 20 21 22 23 24

Figure 7-12 Demand weight of each node for the Gauss distribution (b=10) for the Sioux Falls Network
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Figure 7-13 Demand weight of each OD pair for the Gauss distribution (b=10) for the Sioux Falls Network
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7.1.5. Gauss distribution with coefficient 6
This distribution is very similar to thelinear presented in 7.1.2.

0
1 2 3 4 5 & 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 14
2one

Figure 7-14 Demand weight of each node for the Gauss distribution (b=6) for the Sioux Falls Network
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=001
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Figure 7-15 Demand weight of each OD pair for the Gauss distribution (b=6) for the Sioux Falls Network

7.1.6. Gauss distribution with coefficient 5
This distribution is very similar to thelinear presented in 7.1.2.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Zone

Figure 7-16 Demand weight of each node for the Gauss distribution (b=5) for the Sioux Falls Network
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Figure 7-17 Demand weight of each OD pair for the Gauss distribution (b=5) for the Sioux Falls Network

7.1.7. Gauss distribution with coefficient 3

0+
1 2 3 4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
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Figure 7-18 Demand weight of each node for the Gauss distribution (b=3) for the Sioux Falls Network
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Figure 7-19 Demand weight of each OD pair for the Gauss distribution (b=3) for the Sioux Falls Network

7.1.8. Gauss distribution with coefficient 2
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Zone

Figure 7-20 Demand weight of each node for the Gauss distribution (b=2) for the Sioux Falls Network
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Figure 7-21 Demand weight of each OD pair for the Gauss distribution (b=2) for the Sioux Falls Network

7.1.9. Gauss distribution with coefficient 0.1

This distribution is equivalent to the concentration of all trips in a very small number
of OD pairs.

z
- 06

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Zone

Figure 7-22 Demand weight of each node for the Gauss distribution (b=0.1) for the Sioux Falls Network
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Figure 7-23 Demand weight of each OD pair for the Gauss distribution (b=0.1) for the Sioux Falls Network
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ANNEX IV: Publications related to the research done in the thesis
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Abstract

This paper presents a review of the different models developed for the taxicab problem. The presented models are grouped in
two categories, aggregated and equilibrium models. Each model is analyzed from different points of view, such as market
organization, operational organization and regulation issues. Conclusions extracted by authors are presented, listed and
compared, analyzing each affirmation in terms of market regulation and organization. Finally, a state of the practice is presented,
analyzing the configuration of the taxi market regulations along the world, linking the conclusions obtained by the authors with
the real market situations.

© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Organizing Committee.
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1. Introduction

Actual cities are oversaturated, on one hand most of the population is concentrated in large cities (in 2030 more
than 80% (UNFPA 2007) of the population will live in urban areas), on the other hand mobility needs of the modern
population are growing continuously. While urban demand for trips is growing constantly, supply (capacity of city
streets) is limited, and must be optimized, not increased (most of the times not possible inside the city). Well-
planned, efficiently operated, and cost-effective transportation system management (TSM) strategies can improve
mobility of existing systems for transportation users, especially in urban environments, where a good optimization
of the infrastructure is needed (considering the high cost of building new facilities and the continuously increasing
demand resulting from economical and population growth). Last years tendencies are shifting person trips from
private vehicles to public vehicles, increasing the Public Transport share importantly. The most used Public
Transports are the “Mass Transports” such as metro, tram or bus. This kind of transport usually has a centralized
management which uses ITS technologies developed in the last decade for an optimal operation of the service.
Unfortunately, inflexibility, long total travel time and insufficient service coverage of Mass Transport systems cause
a lower usage of them in most metropolitan areas. Oppositely, the taxi-cab sector is a more convenient mode due to
its speediness, door-to-door attribute, privacy, comfort, long-time operation and lack of parking fees. The great
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inconvenience is the lack of central management; each taxi is operated by an independent driver, taking his own
decisions continuously, with a weak intent of control by the policy issues of each city such as license control or
distributing the working days of the taxi vehicles (normally the control is imposed on vehicles, not on drivers,
generating double shift and increasing the use of taxis). An important percentage of the cars (e. g. 60% in Hong
Kong (Yang et al. 2000)) in the daily flow are taxis, most of them empty taxies. This situation is creating two
problems, an internal problem to the taxi drivers (higher empty kilometers means lower benefits) and an external
problem to the citizens (congestion and pollution). The first problem is being aggravated with the actual economic
crisis, which is breaking the market equilibrium: demand is decreasing due to the lower incomes of the population
and offer is increasing due to the increasing number of taxi drivers (not taxi licenses). Market equilibrium cannot be
achieved in this concrete market because of the regulations (price is not established freely), and cannot go to the
next equilibrium point due to the price policies imposed in each city. This is a vicious cycle, where empty hours are
increasing, and taxi drivers need to work more time in order to have the same income, which means lower income
per hour (Daniel (2006)). In this situation, taxi drivers prefer to stop at taxi stands and wait for a client, without
expending fuel in empty trips and consequently saturating the taxi stands. If taxi stops network is not well designed,
this situation will create a decrease in the Level of Service of the passengers, decreasing the demand and congesting
the streets near the taxi stops.

The taxi sector has been traditionally a regulated market in terms of fares and entry control. The objective of this
regulation is to correct the defects of the taxi sector, such as externalities (congestion and contamination), low level
of service offered and anticompetitive behavior of the market. A fundamental distinction in types of taxi regulations
is between quantity regulation, quality regulation and market conduct regulation. Quality regulation embraces the
standard of vehicles, driver and operator; this type of regulation is more a safety regulation than a competitiveness
one. Market conduct regulation includes rules regarding pick up of passengers, or affiliation to a radio network.
Quantity regulations include price regulation and entry restriction. From now and on, the term regulation will refer
to quantity regulation. Restrictions on entry to the taxi market have been applied by many cities around the world,
but actually many cities are deregulating their markets. The most common justifications used for controlling the
entrance to the taxi market are the protection of the taxi drivers incomes and the externalities (pollution and
congestion) caused by the circulating taxis, but when decisions are taken without a good justification or
implementation plan, entry restrictions and fare regulations are distorting economically the taxi sector, leading to
important welfare losses. As a result of entry control, the price of the licenses in markets where taxi licenses are
tradeable are higher (Paris 125.000 €, Sydney 300.000 $, Melbourne 500.0008$, New York 600.000$ [OECD 2007]),
and they are rising up constantly due to the exploitation of their owners. Reforms have often been opposed to reduce
the incomes of drivers, which are normally low, and restrictive conditions have been applied in this direction, but
there is no evidence that taxi incomes are higher in markets with regulated entry conditions. Oppositely, license
owners is the group who is being beneficiated by these measures, and not the drivers (Melbourne, as commented
above has taxi licenses valuated in 500.000$, but driver incomes are estimated at 8 — 14$ per hour [OECD 2007]).
Deregulation has most of the times positive impacts, resulting in lower waiting times, increased consumer
satisfaction and price falling (OECD 2007). Market liberalization is an interesting challenge for many cities, but in
cities where strong supply restrictions have been applied, there will be a strong opposition to reform proposals from
the license-owners. Arguments support that license-owners must be compensated in that case: one approach (first
used in Ireland) is to give the additional licenses to each license-owner, ensuring that the new monopoly will remain
in their hands; alternatively the new license can be given to taxi drivers without taxi license (OECD 2007). In
Melbourne, a 12 year program is adding to the stock of licenses a number of licenses equal to the yearly demand
growth. Other concepts are important in relation to deregulation, most of the times quantity deregulation means
quality regulation, ensuring safety and minimum service standards.

The paper is structured as follows: the second chapter presents the taxi market, describing the operational modes.
The third chapter resumes the different models presented in the literature, from the aggregated models until the
equilibrium models. The next chapter highlights the most important ideas and results from the literature review,
analyzing the operational modes, the market equilibrium and the regulation of the taxicab markets. The fifth chapter
presents an overview of the taxi markets in different cities around the world, resuming the deregulation
consequences observed in the deregulated markets. Finally, the last chapter contains the conclusions obtained from
the literature and state of the practice review and proposes the development of a new model for the study of the
taxicab market.
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2. The taxi market

Taxis are private vehicles used for public transport services providing door to door personal transport. Taxi
services can be divided into three broad categories: rank market, hail market and prebooked market.

e Rank places are designated places where taxi can wait for passengers and vice versa. Taxis and customers are
forming queues regulated by a FIFO system. Disadvantages are that due to the FIFO policy established price has
no effects on customer choice, and that customers must walk until the nearest taxi stop.

o In the hail market clients hail a cruising taxi on the street. There is uncertainty about the waiting time and the
quality/fare of the service customers will find. Advantage here is that customer mustn’t walk until the taxi stop.
In this case a monopolistic market is possible.

o In the pre-booked market consumers telephone a dispatching center asking for an immediate taxi service or for a
later taxi service. Only in this kind of market consumers can choose between different service providers or
companies. At the same time, companies can fidelize clients with a good door to door service. The market here is
a competitive market where larger companies can offer smaller waiting times.

3. Taxi models review

From the early 70’s many studies have been published in relation to the taxi sector. While first studies (1970-
1990) were related to the profitability of the sector and the necessity for regulation using aggregated models, later
studies (1990-2010) implemented more realistic models in the taxi sector: from the most simple model of Wong
developed in 1997 for a little taxi fleet until the most sophisticated model of Wong (2009) being able to simulate
congestion, elasticity of demand, different user classes, external congestion and non linear costs, taking into account
different market configurations. Douglas (1972) developed the first taxi model in an aggregated way, using
economic relationships from other sectors (goods and services). Many authors (de Vany (1975), Beesley (1973),
Beesley and Glaster (1983) and Schroeter (1983)) used the model proposed by Douglas for developing their models
and tested them in the different market configurations. Manski and Wright (1976), Arnott (1996) and Cairns and
Liston-Heyes (1996) developed structural models, obtaining more realistic results. Yang and Wong (1997-2010c)
developed accurate models, taking into account the spatial distribution of demand and supply in the city using traffic
assignment models. Last models proposed by Wong et al. (2005) and Yang et al. (2010b) assume a bidirectional
function taking account the willingness to pay of customers, making it much more realistic. New technologies
applied to the taxi market such as GPS, GIS and GPRS were also simulated in the different models, proving their
benefits and justifying their use. Many of the models developed have been tested in different cities around the world
using data from different sources. Beesley (1973) and Beesley and Gaister (1983) studied the data obtained from
questionnaires in different cities in the UK, especially from London. Schroeter (1983) is the first to use data from
taximeters in his model, using the data from a taxi company in Minneapolis (EEUU). Schaller (2007) uses
interviews and questionnaires from taxi agents and customers in different cities of the EEUU.

3.1. Aggregated models

Douglas (1972) was the precursor of the first studies related to the taxi sector. He considered a taxicab market
where taxicabs can be engaged anywhere along the city streets, with scheduled (by a regulatory authority) fares, and
free entry. He concluded that the maximum revenue to the industry occurs at the point where demand is less than
maximum, characterizing social welfare as an efficient but unfeasible (deficit) equilibrium. He also proved that
taking into account the social welfare, the points where the number of taxi hours in service is maximized and where
demand is max are the same. The formulation proposed by Douglas (1975) has been used as reference formulation
by all the later authors. De Vany (1975) proposed solutions for different type of markets: the Monopoly market
(with entry and fares regulated), the Competitive market (with free entry and regulated fares) and the Medallion
market. In the monopoly solution, the firm’s program proposed by De Vany (1975) is to maximize total benefits,
while in the competitive solution the owners’ objective is to maximize their own benefits. He proved that demand is
maximized subject to a zero-profit constraint. He agrees with Douglas (1972) in that the efficient price minimizes
output and observes that a comparable increase in the regulated price will be more likely to expand capacity under
competition than under monopoly. Beesley (1973) and Beesley and Glaister (1983) also investigated the different
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markets and their characteristics, trying to establish guidelines for decision makers using a model for simulating
relevant inferences in the taxicab market. He identifies and analyzes the important elements and the defects of
regulation (monopoly rights, entry conditions and fare control), introducing the external cost (congestion produced
by taxi cabs) and testing his ideas in the taxicab data obtained from London, Liverpool, Manchester and
Birmingham. He concludes that bigger elasticity than 1 is only possible in a regulated market, and in consequence
free markets have lower elasticity than 1 (as postuled by De Vany (1975)). Manski and Wright (1976) concluded
that over a certain range, increasing the number of licenses will decrease expected waiting time and increase
expected utilization rate. Schroeter (1983) developed a theoretical model in a regulated market where radio dispatch
and airport cabstand are the primary modes of operation and applied his methodology to the Minneapolis taxi sector.
Daganzo (1978) was the first that studied the travel and waiting time as physical variables. He studied the optimal
size of the taxi fleet using the queue theory proposed by De Little. This minimum fleet ensures a minimum level of
service at the end of the desired region (bigger waiting times are unacceptable). Foerster and Gilbert (1979) studied
the effects of regulation within a framework of eight regulatory scenarios involving different prices, entry policies
and type of industry concentration factors. They pointed out the following: in an unorganized industry, price will not
be regulated by the market, it will tend to rise without any countervailing down pressure, decreasing the utilization
rate; if prices are fixed, monopoly will produce a lower level of output in relation to the level produced by the
competitive industry (as concluded by De Vany (1975)); entry control has the same effects, increasing price in both
types of industry. They propose different guidelines for Public Policy in relation to their work and suggest that
empirical data is necessary to document and prove regulatory impacts. Cairns and Liston-Heyes (1996) analyzed the
monopoly market, the social optimum (maximizing the sum of the social and industrial benefits) and the second best
(non-negative profits). They observed that profits are zero when taxis are used at their optimal intensity. They
showed that price regulation is necessary for producing equilibrium in a simple model of taxi services, but second
best can be only achieved if fares and intensity of use of taxi-cabs are controlled, concluding that regulation is
needed for achieving second best. Arnott (1996) analyzed the shadow cost of taxis in the first best, proposing
subsidization for covering these costs in the vacant trips. He developed a structural model considering a uniform
customer demand distribution over a spatially homogenous two-dimensional city, and a dispatching center supply.
He concluded that subsidization is necessary, justifying it with the decentralization of the social optimum, observing
that the shadow cost is covered only when taxis are busy. Chang and Huang (2003) expanded the research of
Douglas (1972) optimizing the vacancy rate and fares. Chang and Chu (2009) continued the work of Chang and
Huang (2003) using a more generalized model with the welfare maximization objective for avoiding the elasticity
constraint. Their model can analyze and optimize the vacancy rate and fares subsiding in a first-best environment.
Daniel (2003) models a taxi-cab market in which fare and entry are regulated, testing it using the data obtained by
Schaller (2007). He finds an inelastic relationship between vacant taxicabs and demand. He uses a demand function
depending on the price of the service and the number of vacant taxi cabs. Fernandez et al. (2006) studied the
characteristics of the cruising taxi market, proving that a unique equilibrium exists for a deregulated market and it
corresponds to a monopolistic equilibrium. They conclude that entry regulations are redundant with fare regulations,
producing worse industry conditions. They observed that, for an atomized supply of services where many small
operators exist, the returns to scale make impossible to obtain the social optimum without subsidy, as postulated by
Cairns and Liston-Heyes (1996) and Arnott (1996). They conclude that the need for regulation should be carefully
considered case by case, due to the fact that the difference between second best and unregulated free market
equilibrium depends on the specified case studied. Massow and Canbolat (2010) develop a model for simulating the
taxicab behaviour in a dispatching market where taxis are assigned to virtual queues generated in each zone, and
also in high demand points. They conclude that taxis will wait in the borders between zones and propose the creation
of super zones for increasing the level of service to customers.

3.2. Equilibrium models

The above studies examined extensively both price and entry controls in the taxicab market, basing their models
in aggregate demand and supply and testing them in different markets (monopolistic and competitive). The principal
assumptions are the relation between the waiting time and the total number of vacant taxi hours, constant operating
cost per hour and demand estimation based in fares and waiting time of passengers. Some of the authors presented
above used structural models, going further in the taxi market simulation. These structural models include the work
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of Manski and Wright (1976), who provided a specified structural model of a single taxi stand, and Arnott (1996),
who investigated the first best solution considering a spatial uniform customer demand distribution. Yang and Wong
presented a series of models during the years 1997 — 2010 studying the taxicab market in the network of Hong
Kong. Their spatial models are more realistic than the aggregated. Yang and Wong (1998) presented a network
model describing how vacant and occupied taxis will cruise in an urban network searching customers and providing
transportation services to them. They assume stationary taxi movements and customer demand, no demand
elasticity, no congestion, “all-or-nothing” routing behaviour and that each taxi tries to minimize its travel time when
searching for a new client. They supposed that the expected searching time in each zone is identically distributed
following a Gumbel density function and that the probability of a vacant taxi in a zone to meet a customer in another
zone follows a logit model, using a parameter of information for taking into account the taxi driver experience (older
drivers will find a ride faster), proving that with better knowledge of the supply smaller fleets can have better results
for both, taxi drivers and customers. They conclude that taxi fleet and information of taxicabs must be regulated in
order to achieve better taxi utilization while maintaining a certain level of service. Wong and Yang (1998) improved
the algorithm for guarantying convergence in large-scale applications. Yang et al. (2000) analyzed the demand (taxi
availability)-supply (taxi utilization) relationship in the taxi market, developing a nonlinear simultaneous equations
system of passenger demand, taxi utilization and level of service. The proposed model is based on the concept of
queuing theory and demand-supply equilibrium, using the number of licenses, fare, income and occupied taxi time
as exogenous variables, while demand, waiting time, taxi availability, utilization and waiting time of drivers are the
endogenous variables. They estimated the parameters of their model using survey data, presenting the value of the
endogenous variables listed above in relation to the number of taxis and the fares applied. Wong et al. (2001) added
congestion to the network and elasticity to the demand. Evaluating their results they agree with Manski and Wright
(1976), Schroeter (1983) and Arnott (1996) in the fact that an increase in the number of taxis will be beneficial for
both, customer and drivers, but only in a small taxi fleet since this is an unstable situation, and seldom emerges in a
realistic taxi market. Wong and Wong (2002) developed a more efficient solution algorithm and analyzed the social
surplus of the taxi market. Wong et al. (2004) simulated the real mode choice with different types of users and mode
classes. Yang et al. (2005) investigated the consequences of externalities in the different markets. They postulated
that a profitable first-best social optimal emerges in a severely congested taxi market, where the entry of additional
taxis into the market has a large marginal congestion effect (and thus the entry should be highly controlled at the
social optimum). They conclude that in the competitive market the second-best solution leads to a more efficient use
of taxis, with a higher demand served with a smaller fleet and higher fare. All the models commented above use a
linear taxi fare structure, making long-distance (from/to the airport) trips more profitable and creating over-supply in
airports, wasting many taxi service hours in the airport queue. Schaller (2007) proved that a free entrance to the
market in the USA and Canada had as consequence the reduction of the level of service, because taxi drivers will
only realize the most profitable trips. In order to diverge excess taxi supply from the airport to other areas,
increasing the utilization of the taxi capacity and increasing the quality of the service, Yang et al. (2010a) included a
nonlinear taxi pricing of taxi services in their model. They identified the win-win situation (surplus for both
producer and consumer) created by a Pareto-improving situation, allocating more efficiently the taxi services in the
whole territory. Hyunmyung et al. (2005) added the stochastic behaviour of the demand developing a stochastic
modelling approach in a dynamic transportation network. They simulated taxi drivers’ learning process
implementing the day-to-day evolution approach introduced by Horowitz (1984), Vythoulaks (1990) and Cascetta
and Cantarella (1991). They tested their model in a test network, generating demand at each node based on the
demand rate at each peak period and the trip distribution pattern, proving drivers capacity in predicting passenger
queues at nodes. They also investigate the effectiveness of taxi information systems in reducing unnecessary travels,
proving that using information systems is equivalent to an increase in the number of taxis by 20% in regard to the
quality of the service (as pointed out by Yang and Wong).

4. Critical review

The extended literature overview presented above is resumed below, highlighting the important factors presented
and discussed in the above models, unifying conclusions and identifying debilities and gaps. All authors developed
models for analyzing the effects of regulations in the taxi market. They proposed mathematical formulas for
calculating demand and supply, simulating different types of markets and obtaining different results for each
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regulation scheme. Aggregated models calculated total demand and supply using different parameters: Douglas
(1972) used the price of the trip and the expected waiting time for calculating the demand, and a flat cost rate for the
supply, he stated that if different users have different willingness to pay, the regulator must find a price p for all,
maximizing global benefits; De Vany (1975) added an index of the full prices to the calculation of the demand;
Cairns and Liston-Heyes (1996) supposed uniform demand within the day decreasing with the increase of the
waiting time; Chang and Huang (2003) and Chang and Chu (2009) used log-nonlinear and log-linear functions
respectively for simulating demand; Daniel (1978) used a demand function depending on the number of vacant taxis
and the price; Fernandez et al. (2006) used the generalized price for obtaining the demand; Manski and Wright
(1976) assumed a Poisson process of customer arrivals in a FIFO queue discipline for the rank market. Massow and
Canbolat (2010) develop a double queue model simulating a dispatching market, where drivers are assigned to
queues in zones and high demand points. Equilibrium models calculated spatial demand and supply: Arnott (1996)
considered a uniform demand distribution over a spatially homogenous two-dimensional city; Yang and Wong
(1998) used the model of Douglas (1972) in an origin-destination matrix, where demand is fixed for each pair OD;
Wong et al. (2001) considered separate demand exponential functions for each pair O-D, depending on waiting time,
travel time and trip price, adding elasticity to the demand function; Wong et al. (2004) included multiple user classes
and taxi models; Yang et al. (2010a) used a non-linear taxi pricing for treating long-distance trips; Hyunmyung et al.
(2005) used a stochastic demand. Figure 1 below shows the evolution of the taxicab models in relation to the added
value of each model.
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Figure 1 Evolution of the taxicab models

Different fundamental matters of the taxicab market have been investigated by the authors, such as elasticity of
demand, external cost, returns to scale and the relation between supply and demand. Elasticity of demand has been
an important issue: De Vany (1975) proved that unit elasticity represents zero profit, and higher elasticity than one a
negative profit, concluding that elasticity must be less than one. Daniel (2003) obtained an inelastic relationship
between vacant taxis and demand. Yang et al. (2005) concluded that the unitary elasticity achieves the maximum
competitive taxi fleet size. Congestion was not present in the first models, but later models take it into account,
becoming an important factor in the discussions about first best and second best solutions: Beesley (1973)
introduced the external cost produced by the congestion generated by the taxis in the network; Fernandez et al.
(2006) showed that externalities will reduce waiting time and operational cost. Wong et al. (2001) affirm that
demand decreases with congestion, but at the same time trip income increases; Yang et al. (2005) prove that first
best can be obtained with congestion. Returns to scale are a matter of discussion in many models: Manski and
Wright (1976) assumed increasing returns to scale concluding that increasing the number of licenses, waiting time
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will decrease while utilization rate will increase; Schroeter (1983) was opposed to the scale economies announced
by Manski and Wright (1976), affirming that an increase in the number of taxis will reduce waiting time, increasing
demand, but reducing earning for each taxi, in opposition to Daganzo (1978), who stated that taxis do not have
significant economies of scale; Fernandez et al. (2006) showed that economies of scale are produced by
externalities, and affirms that these returns to scale make impossible the social optimum without subsidy (as
observed by Cairns and Liston-Heyes (1996) and Arnott (1996)). All authors agree with the different market
equilibriums commented above (first best/second best). Many models studied two equilibrium points for the
competitive market, the first best and the second best. Cairns and Liston-Heyes (1996) identified the first best as the
social optimum (maximizing the sum of the social and industrial benefits), finding its zero profit character (only
covers busy trips) and concluding that regulation is needed for obtaining the second best (non-negative profits);
Arnott (1996) proposed subsidization for achieving the first best (basically the subsidy will cover empty trips),
oppositely, Yang et al. (2002) showed that in the point at which total surplus is maximized, industry profits are
negative (first best). They propose the second best solution instead of subsidization; Chang and Chu (2009)
optimized vacancy rate and fare subsidization for obtaining first best, obtaining analytical formulas for the vacant
and occupied distance, vacancy rate and fare; Fernandez et al. (2006) agree with the idea that first best does not
cover costs, while second best covers operation costs and maximizes social welfare; Yang et al. (2005) postulated
that congestion can make profitable the first best, and that second best solution leads to a more efficient use of taxis
(higher demand served with smaller fleet and fares). Many authors presented the equilibrium points (first and second
best) graphically, representing demand and fare in the axes, and using different mathematical functions for obtaining
optimum fleet and fares. Aggregated and equilibrium models have focused exclusively on the taxi availability for
calculating the customer waiting time, and therefore the demand resulted. Schroeter (1983) presented a matching
function between the taxi availability and the taxi demand; Cairns and Liston-Heyes (1996) used a model of search
for drivers and customers; Wong et al. (2005) used stochastic searching behavior with a bilateral searching and
meeting function between taxi drivers and customers; Matsushima and Kobayashi (2006) implemented a double-
queue system simulating waiting and meeting between taxis and customers in a simple taxi stand; Yang et al.
(2010b) modeled a network bilateral searching and meeting between taxis and customers. Yang et al. (2010c)
investigated the properties of an aggregate taxi service model using bilateral searching and meeting functions
(considering a specific form of the Cobb-Douglas type production function) for characterizing the meeting frictions
between vacant taxis and customers. They examined the market profitability at social optimum, finding that taxi
services should be subsidized only when there are returns to scale in the meeting function (same conclusion obtained
by Fernandez et al. (2006)).

4.1. Market conditions

Most of the models were tested in different market conditions, such as competitive industry or monopoly. De
Vany (1975) stated that in the monopoly market, industry tries to obtain the maximum benefit, while in the
competitive industry each driver tries to maximize its benefits. General conclusions are that the monopoly industry
will obtain the maximum total benefit with a small fleet and high prices, covering only the high-income demand
sector, with a poor level of service. Douglas (1972) observed that in the point of maximum benefit for the industry,
the total number of taxi hours is maximum, but the demand is not. Foerster and Gilbert (1979) affirmed that if price
is fixed, the monopoly market will produce lower level of output. Fernandez et al. (2006) proved that the unique
feasible equilibrium in a deregulated market is the monopoly solution. Yang et al. (2005) postulated that the
monopolist would charge a price in excess of marginal cost per ride by an amount equal to the consumer’s marginal
net willingness-to-pay for a ride. Different market configurations were proposed: De Vany (1975) studied a market
with limited entry, but unrestrained price concluding that maximum demand is subjected to zero profit; Foerster and
Gilbert (1979) proposed and studied eight different market configurations (monopoly-competitive/regulated-
unregulated price/regulated-unregulated entry) concluding that price will rise without control in an unorganized
industry while utilization rate decreases; entry control will have the same effects on both types of industry. Each
market configuration has different optimal prices and capacities: De Vany (1975) affirms that price and capacity in
the monopoly market are lower than price and capacity in the competitive market. From their findings:
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o In the monopolistic market, without fare regulation higher fares will satisfy lower demand with a smaller fleet,
maximizing the benefit of the operator (Douglas (1972)). With regulated fares, the same market will operate with
the fleet in that the marginal benefit is equal to the marginal cost (De Vany (1975)).

o In the competitive market, the operator will try to achieve the first best (social optimum), maximizing the benefits
of the society (taking into account externalities commented above). Douglas (1972) and Arnott (1996) proved
that in the first best, the driver income will only cover the occupied time, creating the necessity of subsidizing the
empty time and therefore achieving the second best.

o Fleet size is one of the most important factors for decision-makers. In a small market, fluctuations in fares will
not affect demand because the waiting time has higher importance, but in a big market, fares are important for the
demand generation as pointed out by Wong et al. (2001).

4.2. Operational modes

The three operational modes (rank, hail and dispatching center) have been modeled by many authors, some of
them differencing the airport market from the rank market due to the special circumstances of the airport taxi stands.
Arnott (1996) states that dispatching centers are used in small cities, while in big cities cruising markets are more
frequent. The normal situation in many big cities is a mix of the three operation models, but no model has
investigated them at the same time. Schaller (2007) proposes a very interesting representation of the situation of
each city in relation to the operational modes, using a triangle with Dispacth, Hank and Rail operational mode in
each vertex. He represents each city as a point inside the triangle in relation to the situation of the taxi market (only
dispatching centers, only rank points, only hail or a mix of them). Farrell (2010) explored patterns of taxi
engagement and relationships between generated trips and taxi rank locations for optimizing the taxi rank
distribution in relation to the demand patterns in a 3 level (county, town, stand) model. She applies her findings to
the Ireland taxicab market, and realized a comparative cost benefit analysis, identifying benefits and disbenefits
resulting from developing new taxi stands. He obtained a cost-benefit ratio of 1-11 for the construction of a new
rank, and 1-3 for the relocation of an existing rank. Massow and Canbolat (2010) propose the creation of super
zones for reducing the waiting time of clients in a dispatching center environment.

4.3. Regulation

Historically most of the taxi markets were regulated (basically controlling entry and fares). Fares are easy to
regulate, fixing a maximum price and regulating the way fares are applied to customers (per time, per distance,
supplies, etc). Most of the entry regulations were done simply freezing the number of taxi licenses, without
supporting in any way why the actual/current number of taxis was optimal, or simply good. Most of the cities
maintained the number of taxis at 1980 levels, only some cities increased timidly their number of licenses following
the GDP value or other economic indexes. Indeed, Daniel (2006) highlighted that in many regulated markets there is
overcapacity. This mistake created in many cities a suboptimal taxi market, or an inefficient taxi market, with more
taxicabs than needed or less vehicles than needed. Many authors support that the situation of the market has
enormous influence in the results of the regulation, and this situation must be studied in the moment of the
regulation for justifying each measure adopted, from the number of taxis until the value of fares, concluding that the
starting point of the market is crucial in the success of the regulation policies. Loo et al. (2007) conclude that due to
the economic nature of the market, the price of the taxi licenses depends more on economical factors than on the
demand for taxi services. Fernandez et al. (2006) affirm that both regulations must not act simultaneously, entry
regulations are redundant with fare regulation, and the effect of entry regulation is negative in a market where fares
are regulated (and vice versa). A small number of authors tried to develop models for obtaining the optimum
number of taxis, Schaller (2007) conducted a regression analysis on seven variables concluding that the taxi demand
is generated by households without private cars or trips to the airport. There are two different arguments in favor of
entry control in taxicab markets, economic and non-economic. The economic argument is the social welfare
achievable with entry control, avoiding market failures. Non-economic arguments are potential cross-modal
competition, congestion and pollution issues. Moore and Balaker (2006) stated recently that most of the economic
opinions favor open entry to the taxi industry. OECD (2007) identifies arguments against free entry and arguments
against controlled entry, (resumed in Table 1).
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Table 1 Arguments against free entry and entry control. Source: Own elaboration from OECD (2007) and CENIT (2004).

Arguments Against free entry Against entry control
Productivity arguments Excess of capacity Augment of demand
“Diversion” of demand from PT Most efficient use of resources
Impact on congestion/pollution More taxis than the optimum (more congestion) Less Private Vehicles (less congestion)

Distributional — arguments an  Preserve the income position from incumbent Reduction of development of new products (rivalry)

competitiveness laborers
Impacts on service quality and Reduced standards of taxi services Absence of information, tools and rules for regulators
information

5. State of practice

Each country/city has its own regulation for the taxi market. Table 2 shows the regulation characteristics of some
countries/cities along the world. As shown in Table 2, a few countries have deregulated the taxicab market; from
their experience some deregulation effects can be exposed:

e Sweden (1990): greater taxi fleet, greater accessibility for customers, reduction of waiting time, different type of
available vehicles.

o Ireland (2000): quadriplication of the number of license and fare and quality regulation needed for avoiding
overcharging and uncompetitive operation of the market (uncertainity of waiting for another taxi and price
competition unlikely to work at ranks).

e Japan (2002): 8.4% and 9.7% increase in the number of companies and taxis respectively. Introduction of a large
variety of fares, discounts and flat rates.

o United States (Seattle 1979): 5% reduction in fares (taxi-stand rose while radio-dispatch fell); increase in service
at the airport, generating queues, but without price reduction due to the FIFO queuing system applied.

o United States (Indianapolis 1994): Increase in the number of cabs and companies, fare reductions, service
improvements and reduction in customer complaints.

e United States: fare control is needed for controlling the appropriate level of entry; use of contracts between firms
and hotels/airport authorities for avoiding queues at those locations where waiting times are always low.

e Taiwan: over-supply and high vacancy rate, resulting in poor service, unhealthy competition and law-breaking
behaviours.

e Number of taxis in Dublin increased by 216% in the two years after deregulation. In New Zealand, the number of
taxies increased also by almost 200% following deregulation. In Sweden, the number of taxies was doubled in the
first two years after deregulation, but simultaneously, significant innovations had occurred for encouraging taxi
use in off-peak periods.

Most of the authors agree with the above, a liberalization of the market will increase the taxi fleet and level of
service to the customers, but a fare regulation is needed. As exposed by Fernandez et al. (2010), a fare regulation is
enough for controlling the taxi market as concluded in the USA example. The example of deregulation in the United
States confirmed the exposed by Schaller (2007); taxi drivers will create over-supply in airports due to the lower
waiting time and higher income if there are no regulations. It is important to highlight that the effects of deregulation
will depend on the initial pre-deregulation situation. In markets where regulation kept supply close to free entry
equilibrium levels and low license values there will be no changes, but in markets where the number of taxis is very
low due to the strict applied regulation, supply will increase importantly after deregulation, as occurred in the
examples listed above. This entry of new supply will lead to low incomes, high fares and business failure (short
terms results), while the adaptation of consumers will be in a long term horizon.

For analyzing the relation between the number of taxis, the population and other economic values, analytical
data from 19 European cities is presented below.
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Table 2 Regulation issues in different cities around the world. Source: Own elaboration from OECD (2007).

159

Country - Zone/city Fare regulation Entry regulation  Period Reestrictions / Characteristics

Belgium yes yes 5-10 years 1 vehicle per 1.000 hab / personal and intransferable

Czech Republic yes no intransferable

Denmark yes yes 10 years intransferable

France - Paris yes yes 100 new licenses per year

Germany yes no 5 years license subjected to a quota

Hungary yes

Ireland yes no (2000) license subjected to a fee and quota

Italy yes yes 4,5 per 10.000 hab / 1 lic per person

Japan yes no (2002)

Korea yes yes

Netherlands yes (2004) no (2002)

Norway depending on the city  yes not tradable, not transferable

Sweden no (1990)

Switzerland depending on the city  yes 3 years not tradable, not transferable

United States - Seattle  no (1979) no (1979)

Romania yes yes 4 vehicles per 1.000 hab

Table 3 General data related to the taxi market of different European cities. Source: CENIT (2004)
. Average Taxivs Taxivs Moqthly Monthly . Urban . GDP per Number Taxis per
City trip fare*  Bus**  oil*#* earnings trips Population  population inhabitant  of taxis thousand
ok density inhabitants

Amsterdam  14.8 14.1 22 1404 95 850,000 57.3 34100 1504.5 1.77
Athens 74 23.1 1.6 256 35 3,900,000  65.7 11600 15249 391
Barcelona 8.5 17.7 1.8 594 70 4,390,000 74.7 17100 117652 2.68
Berlin 11.3 9.8 1.8 1199 106 3,390,000 54.7 20300 6949.5 2.05
Brussels 14.9 19 2.5 1495 100 964,000 73.6 23900 124356 1.29
Budapest 6.2 22.5 1.1 201 32 1,760,000  46.3 9840 5596.8 3.18
Copenhagen 14.9 13 23 2661 179 1,810,000 23.5 34100 2805.5 1.55
Dublin 6.2 8.5 1.2 919 148 1,120,000 25.9 35600 1993.6 1.78
Lisbon 53 5.6 0.8 441 83 2,680,000 279 17100 4529.2 1.69
London 12.5 114 1.8 1286 103 7,170,000 54.9 36400 559977  7.81
Madrid 9.8 15.8 2 594 61 5,420,000 55.7 20000 144714 2.67
Milan 9.9 17.6 1.6 997 101 2,420,000 71.7 30200 4573.8 1.89
Oslo 18.8 9.7 2.5 1570 84 981,000 26.1 42900 214839  2.19
Paris 8.7 12 1.3 1095 126 11,100,000 40.5 37200 17538 1.58
Prague 6.8 15.2 1.5 314 46 1,160,000 44 15100 3978.8 343
Rome 8.3 19 1.3 997 120 2,810,000 62.6 26600 5816.7 2.07
Stockholm  11.9 7.8 35 1879 158 1,840,000 18.1 32700 5207.2 2.83
Vienna 15.7 17.6 3 914 58 1,550,000 66.9 34300 4433 2.86
Warsaw 4.2 12.8 0.8 241 57 1,690,000 51.5 13200 5999.5 3.55

#2002 prices, 5 km trip, day fares, inside the city ** Taxi cost per km/bus cost per km

Conclusions obtained from the table 3 are:

e A logic result is that average trip fare is higher in cities with higher GDP. A relation with monthly earnings and

cost of taxi in relation to cost of oil exists also.
e The relation taxi cost versus bus cost grows with the density of the city, due to the economies of scale of the

Mass Public Transport.

##% Cost per km/cost of 1 liter of oil ****National average

e The number of taxis has a very strong relation with the population of the city (excluding London and Paris). This
relation is between 1.3 and 4 taxis per thousand inhabitants (in London this relation is 8 taxis per 1000

inhabitants).

6. Conclusions

As time goes by models are getting more and more realistic. First models used aggregated values, without taking
into account that the taxicab market is working in an urban network, sharing the streets with daily traffic and other
public transport modes. Later models introduced this spatial characteristic, and many other rules for simulating the
real taxi market, as the network knowledge or the learning process of the taxi drivers, with a good effort in the
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calculation of the passenger trip generation-distribution and assignment. Lastest developed models concentrate their

effort in the customer-driver search function, increasing the reality of the simulation of the finding process between

a taxi and a customer. Many interesting ideas have been developed in parallel with the evolution of the models, such

as the day to day learning process or the use of the logit model for the probability of finding a client in each zone.

Main general conclusions obtained from the models presented are:

e Although many models tried to be a tool for decision makers, developed models cannot prove the performance
level of the taxi markets. There are no optimum models of taxi supply to guide decision makers.

e Models proposed in the literature are characterized by significant data requirements due to the high number of
determinants in the taxi demand and supply. Actually, with the use of GPS and GIS, data recollection is
technically easy, but the reticence of the taxi sector to share this data is an important barrier.

e All the models have investigated the taxi market from the point of view of the taxi driver (income) and the
customer (waiting time, level of service, total cost), but no model has studied the consequences of the market
regulations on the city (contamination, congestion). It is important to add environmental considerations as a
determinant factor in the future models since in most of the cities, taxi flows have not only negative
consequences on the rest of the traffic, but also in the citizen’s health.

e Regulation of entry and fares must not act together; deregulation of access to the taxi market must be achieved in
most of the cities, increasing the supply and the level of service of customers. Entry deregulation must be
accompanied with new regulations, such as fare regulation (almost with a maximum fare control) and special
regulations on high-demand generation points, such as airports, train stations or hotels.

In the opinion of the authors, both approaches are useful, each one used in its respective scale. Aggregated models
can explain major variations in the taxi market using fewer variables, simulating fare and entry regulations easily
and obtaining clear results. More detailed models can better simulate the taxicab market, taking into account the
spatial characteristics of demand and supply, the different types of operational modes working together in the same
city, the external and internal factors that are generating the demand, and the congestion (because when the streets
are congested is when the demand for trips is higher). They can also work with spatial variables that aggregated
models cannot take into account, adapting each model to the reality of each city. Data availability is an important
matter for modeling the taxi market, as the more detailed the model is the more accurate the results will be, but the
data will be more difficult to recollect; on the contrary, aggregate models need less quantity and not such as high
quality of data, but results are not as analytical as they can be in a more detailed model. With new developed ITS
and other technologies, a lot of data can be recorded, and more detailed and complex models can be developed.
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Abstract—This paper presents an agent based model for
simulating taxi services in urban areas. The three operation
modes (hailing, stand and dispatching) are modeled and
tested in the Sioux Falls network. Taxi models presented in
the literature are divided into aggregated and equilibrium
models, with a very small presence of simulation models.
The different programmed modules are presented together
with the behavior rules of the agents. Performance
indicators are calculated for each operation mode and
compared in terms of driver earnings, user cost and vacant
versus occupied time.

Index Terms—Agent based modeling, taxi modeling, taxi
services.

I. INTRODUCTION

Taxis are present in most of the cities around the world.

They combine the comfort of door-to-door transportation
of private vehicles with the advantages offered by public
transport services. Most of the taxi markets in urban areas
combine three operational modes: stand, hailing and
dispatching. In the stand market, taxis and users meet
each other at predetermined meeting points, called taxi
stands or ranks, where a first-in-first-out (FIFO) system
applies for both the drivers’ and the users’ queue. In the
hailing mode taxis circulate continuously searching for a
user, and users wait for taxis at their origin, while in the
dispatching market taxis circulate or just wait for a call
from a dispatching center. In the dispatching market, a
user contacts the operator asking for taxi services and the
nearest taxi in the zone (respecting the queue) is assigned
to him/her. Taxi markets in small cities are composed by
one or two operational modes, usually the dispatching
and stand markets, reserving the hail market only for
large cities with high densities of population and a
Business District concentrating a high percentage of daily
trips.

Since most of the taxi markets are regulated, there is a
need for developing models for understanding the
behavior of these markets in regard to policy regulations
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and deregulations. Most of the taxi models developed up
to now have studied only one operational mode, using
aggregated values or finding equilibrium assignment
conditions for calculating system performance indicators,
such as level of service of users, earnings of taxi drivers
or vacant versus occupied distance. On the contrary, only
a few simulation based models have been developed.

The model presented in this paper, proposes the use of
agents circulating in an urban road network, taking their
own decisions for completing as many trips as possible.
There are different types of agents, including the three
basic types of agents corresponding to the operational
modes listed before, as well as the users of the system.

The paper is structured as follows: A literature review
is presented in section two, reviewing the aggregated and
equilibrium models and presenting the simulation models
developed by various authors. The proposed agent based
model is analytically described in section three, while the
obtained results are presented in section four. Finally,
conclusions and future research guidelines are presented
in the last section.

A. Aggregated and Equilibrium Models

The initial studies related to the taxi sector (1970-1990)
focused on the profitability and the necessity for
regulation using aggregated models. Following these,
more realistic taxi sector models were implemented in the
studies of Yang et al. developed in 1998 for a small taxi
fleet [1] until the most sophisticated models of Yang and
Wong ([2] and [3]) that are able to simulate congestion,
different user classes, elasticity of demand, external
congestion and non-linear costs. The first taxi model was
developed by Douglas [6] in an aggregated way, using
economic relationships from other sectors (goods and
services). Other authors based their models on the work
presented by Douglas and tested their own models in
different market configurations, e. g. de Vany [7],
Beesley [8], Beesley and Glaster [9] and Schroeter [10].
An intermediate type of models was developed by
Manski and Wright [11], Arnott [12] and Cairns and

LITERATURE REVIEW
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Liston-Heyes [13], obtaining more realistic results with
their structural models. Yang and Wong presented
accurate and detailed models, where the spatial
distribution of demand and supply in the city was taken
into account by including traffic assignment procedures
in their models ([2] and [3]). The models of Wong et al.
[4] and Yang et al. [5] analyzed the user-driver meeting
through a bidirectional function and accounted for the
willingness of users to pay. Various models have been
tested and validated by using real world data. Beesley [8]
and Beesley and Gaister [9] used data obtained from
questionnaires in various cities in the UK; Schroeter [10]
used data from taximeters in his model; Schaller [14]
used questionnaires and interviews from taxi drivers and
users in various cities of the USA. Recently, Kattan et al.
[15] investigated the regression models obtained from
work trips conducted by taxi in 25 Canadian cities. A
detailed review of the aggregated and equilibrium models
can be found in Salanova et al. [16].

B. Simulation based Models

The concept of agent based models was developed in
1940, but it was in 1990 when the advances in
computation procedures allowed them to widespread. The
first use of the word agent, as it is used today, was
initiated by Miller in 1991 [17]. Bailey and Clark [18]
investigated changes of performance in the dispatching
market related to the number of vehicles, concluding that
the waiting time is relatively insensitive to changes in
demand but highly sensitive to changes in the number of
taxi cabs. Bailey and Clark [19] used a discrete-event
method to simulate dispatching taxi services, obtaining a
linear relation between total distance and fleet size. Kim
et al. [20] developed a simulation based stand taxi
services which includes a knowledge building process,
proving that the use of information technologies could
improve the quality of the service by 20%. Song and
Tong [21] and later Tong [22] presented dynamic taxi
demand models using the simulation model approach of
the taxi stand market. They highlighted the limitations of
traditional aggregated models (time-dependent patterns,
imperfect information, learning convergence and non-
equilibrium in taxi market due to regulation) and tested
the effects of Advanced Transport Information Systems
(ATIS) in this specific market. Recently, Lioris et al. [23]
developed a discrete-event simulation model for
reproducing the real taxi on demand market conditions
since the mathematical models are out of reach for such a
complex multi-agent system (network, stochasticity).

I1l. THE PROPOSED AGENT-BASED MODEL

A. Variables Presentation

The two basic variables are supply and demand related.
The supply variable is composed by the city’s road
network and the total number of taxis, while the demand
variable is composed by the users in need for taxi trips.
The three basic actors of the model are the city, the taxi
drivers and the users.

All variables are listed below:
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1) Exogenous variables (demand and supply,
network geometry and links congestion and taxi fares)

2) Endogenous variables (obtained from the
simulation)
- City related variables (number of vehicle-

kilometers and vehicle/hours Total system cost
(drivers’ earnings, city and users’ costs)

- Taxi drivers’ related variables (circulating time
and distance (total, occupied and vacant, taxi
occupancy and vacant taxi headway, earnings)

- Taxi users related variables (waiting time and
travel time, cost of trip)

B. Vehicle-Agent Rules

Three basic agents are designed for the taxis, related to
the three operational modes.

1) Hailing market vehicles

Vacant Movement: While the taxi moves along a link,
the distance traveled within the time period is related to
the duration of the time period and the congestion of the
link, using a constant free flow speed for taxis. When the
taxi arrives to an intersection, it randomly chooses the
next link based on its weight (attractiveness).

Picking up a User: If the taxi finds a free user (not
waiting for an assigned taxi or at a stand), he picks
him/her up. The taxi state changes to occupied, and the
shortest route to the user’s destination is calculated,
depending on the traffic congestion of each link at that
moment, setting the route to be followed by the taxi.

Occupied Movement: Taxi and user move along the
links, as in the vacant movement, but when arriving to an
intersection, the link correspondent to the shortest route is
followed until the destination is reached. While moving,
the taxi is calculating the trip cost using either a distance-
based or a time-based charge, charging always according
to the first value that reaches a threshold value (either by
distance covered or minutes traveled).

Delivering a User: When the destination of a user is
reached, the taxi calculates the cost of the last interval
and the user disappears. The trip cost is then charged to
both agents (income for the taxi and cost for the user).
The taxi becomes free and continues looking for a user.

2)  Stand market vehicles

Arriving to a Taxi Stand: When a taxi arrives to a taxi
stand, it joins the taxi queue (if exists ant). If there are no
taxis on the stand, the taxi picks up the first user in the
queue. If there are neither taxis, nor users, the arriving
taxi forms a taxi queue.

Vacant Movement: Vacant taxis running in stand mode
are always looking for a taxi stand near their current
location (following the shortest route between their
current location and the nearest and most attractive in
terms of waiting time taxi stand). When the taxi arrives to
an intersection, it chooses the next link based on the
calculated shortest route to the nearest taxi stand.

Picking up a User: Taxis and users are assigned in each
taxi stand based on a FIFO system.

Occupied Movement and Delivering a user: As in the
hailing mode.
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3) Dispatching market vehicles

Assignation of a User: When a user asks for a taxi, the
nearest free dispatching taxi is assigned to him, according
to the distance calculated within the network (not
Euclidian). The taxi then finds the shortest route between
its actual location and the user, and follows it until the
user is reached.

Picking up a User: As in the hailing mode, with the
exception that only the assigned user can be picked up.

Vacant Movement, Occupied Movement and
Delivering a User: As in the hailing mode.
4)  The users

Three basic agents are designed for the users, related to
the three operational modes. Users appear in each zone
following a two-dimensional geographic distribution.
Once the user is assigned to a zone, random coordinates
are defined for the location of the user within the zone (if
it is a stand user, random taxi stop is chosen within the

zone). Hailing users wait until a hailing taxi reaches them.

Stand users wait at taxi stands, forming queues served by
a FIFO system. Dispatching users call for a taxi service
and wait until the assigned taxi reaches them. If there are
no free taxis, the user is added to a virtual queue for later
assignment as soon as a taxi becomes available.

C. Developed Modules

The diagram below shows the agent-based model of
the taxi market. As the taxis and users are being
generated, the variables are being created and updated.
Each module is represented and explained below.

T=t

New taxis

modle | New users

for each existing taxi

| Intersection decision module ‘

Update taxi variables

‘ User destination module ‘

Movement module

Taxi-user meeting module

User variables creation and
taxi variables update

t=t+1

Taxi variables transfer to user
and taxi variables update

Figure 1. Flowchart of the agent-based model

1) Generation module

The generation module generates the demand and the
supply. Users and taxis are statistically generated,
depending on the time of the day. Characteristics of both
agents, such as origin zone, destination zone or

operational mode are also statistically generated.
GENERATION MODULE

|
i Hailing | Dispatching | [ stend ]
{

i 1 I
; | Coordinates || Coordinates |--| Assignment H Stand id |
' [ I I

e

Zone destination

Both

Taxi

Figure 2.  Generation module
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When a taxi is created, it is assigned to an origin zone
and an operation mode. If the operation mode is hailing
or dispatching, random coordinates within the zone are
defined for the starting position of the taxi. If the taxi
operation mode is the stand mode, a random stand within
the zone is assigned to it. If there is a user queue in the
stand, the first user in the queue is assigned to the taxi. If
there is not a user queue in the stand, the taxi joins the
taxi queue.

When a user is created, origin, destination and
operational mode are defined. If the operation mode is
hailing or dispatching, random coordinates within the
zone are defined for the waiting position of the user. In
the dispatching case, the nearest (in real network travel
time) available taxi is assigned to the user. If there are no
available taxis, the user is added to a virtual queue for
later assignment as soon as a taxi becomes available. If
the operation mode is the stand mode, the user is assigned
to a random stand within the zone, while if there is a taxi
queue in the stand, the user is assigned to the first taxi in
the queue. If there is no taxi queue in the stand, the user
joins the user queue.

If neither taxis, nor users are created, the model goes
directly to the movement module.

2)  Movement module

The movement module moves each taxi depending on
the congestion of the correspondent link. If the taxi
arrives to an intersection, the intersection decision
module decides the route that the taxi will follow (the
next link). If the taxi continues in the same link, the
position of the taxi is updated.

MOVEMENT MODULE

a

| Taxi current position |-----{ Link congestion
| Temporal n;w position |>----| Intersection decision module |
- T
INTERSECTION DECISION MODULE b

g=====_Taxi current situation _[=====3

I Vaclant I | Assigned,uc:;piedcrstand |

Random decision Decision based on
based on weights current path

Figure 3. Movement (a) and Intersection decision (b) modules

3) Intersection decision module

When a hailing or not assigned taxi reaches an
intersection, it randomly chooses the next link. When an
occupied taxi, stand taxi or assigned taxi reaches an
intersection, it follows the defined shortest route
(between the origin and the destination of the user,
looking for the nearest stand or looking for the assigned
user respectively). All taxis are informed about the
conditions on the network. This is in fact a realistic
assumption since nowadays most of the taxis are
equipped with real time traffic information technologies.

4)  Taxi/user meeting module and user destination

module

If a vacant or assigned taxi meets a user while
circulating, the taxi/user meeting module decides if the
taxi picks up the user or not. If an assigned taxi meets its
assigned user, the taxi picks him/her up. The same
happens in the case of a vacant hailing taxi and a hailing
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user. Dispatching taxis pick up only their assigned users.
Stand taxis pick up only users at taxi stands. Hailing taxis
pick up only hailing users. When a taxi picks up a user,
the shortest route between the user’s origin and
destination is calculated and stored in the intersection
decision module.

TAXI / USER MEETING MODULE — USER DESTINATION MODULE

—-I Taxi current position ]————1 Vacant f—-{ New taxi position I-—
H

T e S T
H Taxi hailing vs user hailing | -§
I ey S
S e [rorame ]

————————————————— -I Assigned I-—————————————————————-

| User destination |-----| User delivery I

ffffffffffffffffff | Occu‘pied |>~”~~~~~”~~~

Figure 4. Taxi/user meeting and user destination modules

If an occupied taxi passes by the destination point of
its user, the user is delivered, and the taxi is free for the
next time interval. A stand taxi finds the nearest taxi
stand and the correspondent route for reaching it. A
hailing taxi circulates randomly until a new user is found.
A dispatching taxi circulates randomly until a new user is
assigned, finding the shortest route for reaching the user.

IV. USE CASE: SIoux FALLS NETWORK

The agent-based model is tested in the Sioux Falls
network [24]. The agent-based model has been applied
with a fixed origin-destination demand matrix and 25
different supply levels. In order to calculate average
results of the performance indicators each supply level
has been run 50 times, creating a total of 125.000 trips
satisfied by 32.500 vehicles. The results obtained are
presented for both the drivers and the users in the graphs
below. Performance indicators have been obtained for
each operation mode and agent. The driver indicators are
total distance, occupied and vacant time, occupied and
vacant distance, income and earnings. The user indicator
is waiting time. Finally, the system costs and the
optimum fleet size are also presented.

2.000.00

Total user costs = = Total driver earnings seseens System costs

1.500.00

1.000.00

our

500.00

0.00 e
E81012141618202224)@‘2’8‘30i2343638404244464850
500.00 = -

Euros/h

-1.000.00

Supply level

Figure 5. User costs, system costs and driver earnings related to
different supply levels and to a fix demand for the dispatching mode
model

Fig. 5 shows the relation between total earnings of
drivers and total system and user costs in the dispatching
market. The system optimum fleet can be observed where
the system cost is minimum. Smaller fleet size than this
optimum produces more benefit to the taxi drivers due to
the higher number of trips, but the users’ costs due to the
increased waiting time are higher. Higher fleet size than
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the optimum has no significant effects on reducing the
waiting time of users, but the earnings of drivers are
reduced dramatically.

The graph below shows the relation between vacant
and occupied kilometers and the rate between both terms
for each supply level. When the supply level is low, the
occupied time is high, but the vacant time is also high; at
the same time the waiting time of users is high. When the
supply is high, the number of occupied kilometers is low,
while the number of vacant kilometers is high.

~—+—Time composition = == Rate

10000 1

Vacant time
w
g
S

0 1000 2000 3000 4000 5000 6000 7000
Occupied time

Figure 6. Relation between the vacant and occupied times for the
dispatching mode model

The driver optimum fleet corresponds to the maximum
rate between occupied and vacant times, as shown in Fig.
7. This driver optimum fleet is smaller than the system
optimum fleet. The rate value of the system optimum
fleet is 0.65, which means that the occupied time is 35-40%
of the total time. Average results from the simulations are
presented in the table below.

TABLE I: SIMULATION RESULTS OF THE THREE OPERATION MODELS

plspatch Stand Hlallln
ing g
Optlmum fleet for system cost 8 10 14
(vehicles)
Average occupied distance (m) 6.100 4.900 3.500
Average vacant distance (m) 4.200 330 14.000
Average occupied time (min) 25 20 145
Average vacant moving time 35 16 90
(min)
Av_erage vacant stopped time 0 24 0
(min)
Income (euros/h) 67 54 38
Driver unitary earnings )
(euros/hour) 325 30 8
Ratio occupied/vacant moving ?325 1.3 (55- ?1%)6
i 0,
time 40%) 60%) 150)
- - 15 15 0.25
Rate occupied/vacant distance (60%) (94%) (20%)
Average user waiting time (sec) 136 65 392
User unitary cost (euros/hour) 6,45 6,25 75
System cost (euros/hour) 385 325 865

V. CONCLUSIONS

An agent-based model for simulating taxi services in
urban areas has been presented. The model is capable of
simulating the three operation modes (hailing, stand and
dispatching). Results for the dispatching model have been

! In the hailing case more than one hour was needed most of the times
for completing all trips since the taxis are randomly looking for users.
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compared to a mathematical aggregated model,
presenting similar tendency and results. The model
outputs in terms of system costs and total time
composition (vacant and occupied time) have been
presented, concluding in the system’s optimum fleet size
and the drivers’ optimum fleet size, obtained from the
system costs and from the relation between occupied and
vacant times respectively. The drivers’ optimum fleet is
smaller than the system’s optimum fleet.

The system optimum fleet of the dispatching mode for
the same demand is the smallest one; the hailing optimum
fleet is the highest one. The ratio of occupied versus
vacant time is 10-15% for the hailing market, since the
taxis are constantly circulating and randomly looking for
users; the respective ratio for the dispatching market is
35-40%, where users call taxis, reducing the vacant
distance. Finally, the ratio for the stand market is 55-60%,
since taxis wait at taxi stands, having to return there
before picking up a new user.

Future research should focus in the users’ behavior,
giving them the possibility of changing operation mode if
the waiting time exceeds a threshold value, or presenting
user classes with different willingness to pay for taxi
services. In order to obtain more realistic and
representative results there is a necessity for testing
different demand profiles and levels in different network
geometries, calibrating the parameters of the model with
real world data. Finally, new technologies should be
tested using simulation models, creating the necessary
rules for providing information to drivers about the hot
spots of the city or demand forecasts in the city.
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