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Abstract

This paper presents a mathematical model for thienason of the key performance
indicators of the taxi markets in urban areas. &Hexy parameters are basically the demand
and supply for taxi services, the waiting time strs and the cost of the different involved
actors. The identified actors are the drivers,tthé users and the city, represented by the
other drivers and the inhabitants. Optimum valuesttie taxi supply are obtained from the
mathematical formulations depending on the demawel land the size of the city, presenting
the users waiting time and the unitary system codtted to this optimum fleet size. The
model is applied to two modes of operations, hgiind dispatching market. Conclusions are

drawn for the best type of market for each demandlland city size.

1. Introduction

Many modern cities are oversaturated, on one hherktis a population concentration in
urban agglomerations, with more than 80% of thal tpbpulation living in urban areas in
2030 (UNFPA 2007), on the other hand mobility nedde to modern way of life are
increasing continuously. Last years, mobility maragnt is focusing the attention of
different stakeholders, research centers, univessitndustry, policy makers and the users
themselves, which are cooperating in this intend optimize the use of existing
infrastructures through a better use of Informatiod Communication Technologies. The
application of these technologies to the Trans@adtor provides society with Intelligent
Transport Solutions (ITS) schemes where the uskilisinformed about everything related
to their trip. At the same time the user can previtformation to the Transportation System

Managers, improving importantly the data quantitg guality.



The most effective measure on mobility managemeteé shift of personal trips from
private cars to public mass transportation systémsseasing the utilization factor of vehicles
and reducing the stopped or parked vehicles albagstreets. In order to attract citizens to
this kind of transportation, well planned, effidign operated, and cost-effective
transportation system management (TSM) strategiesapplied in order to manage this
demand for public transportation services in annapin way. ITS technologies are applied
for providing real time information to users, ingseng importantly the offered Level of
Service while collecting a great quantity of dathis data is used in both a dynamic scheme
for short term services and a static scheme fag terms policy applications.

The taxi service is one of the public transportatiservices commented above,
combining the benefits of the private transportatigood coverage, door to door and
comfort) with the benefits of the public transptda systems (no parking, no stress). Taxi
markets have been traditionally regulated by thesi controlling the number of issued
licenses and the prices of the offered servicaagrio protect both the users and the taxi
drivers. This regulation assured a minimum incomdalxi drivers while protecting users
from abusive tariffs, but created a market for téoénses, where prices were controlled by
the free market, and not by policy makers. In otdegvaluate the system in terms of waiting
time of users and income of taxi drivers, differemdels have been developed, providing
policy makers with methodologies for estimating timum number of licenses for each
demand level and city (in terms of size, geomety eongestion levels).

A new taxi model taking into account environmerisglues has been developed and is
presented in this paper. The work presented iditdrature by the different authors has been
taken into account for the development of the psepoformulations, testing it for the two
taxi operation modes (hailing and dispatching). Thedel analyzes the costs of all the
stakeholders and presents the minimum and optimwmbar of licenses for each
combination of demand level and city geographiagatigristics.

This paper is organized as follows: the second telnaviews the different models
presented in the literature; the third chapter gmesthe proposed model formulation and
reviews the formulations presented in the litematior estimating the variables of the model;
the fourth chapter is dedicated to the applicatdnthe proposed methodology to the
dispatching and the hailing modes of taxi servi@s)cluding in the comparison of the
performance of both modes of operation; a veryflaescription of the agent-based model

under development is presented in chapter fivallfinchapter six presents the conclusions



of the above analyses. An extra chapter is added thie conclusions with the proofs of the

presented formulations.

2. Literature Review

Since the early 70’s many studies have been pw@alish relation to the taxi sector.
While first studies (1970-1990) focused in the jadsility of the sector and the necessity for
regulation using aggregated models, later studi®9(-2010) implemented more realistic
models in the taxi sector: from the most simple etaaf Yang et al. (1998) developed in
1998 for a small taxi fleet until the most sopluated models of Yang and Wong (1998-
2010) that are able to simulate congestion, elgstmf demand, different user classes,
external congestion and non linear costs, whilentakinto account different market
configurations. Douglas (1972) developed the fiasi model in an aggregated way, using
economic relationships from other sectors (goods$ services). Many authors (de Vany
(1975), Beesley (1973), Beesley and Glaster (128@) Schroeter (1983) used the model
proposed by Douglas for developing their own modeld tested them in different market
configurations. Manski and Wright (1976), Arnott98b) and Cairns and Liston-Heyes
(1996) developed structural models, obtaining nresdistic results. Yang and Wong (1998-
2005) developed accurate and detailed models,gdkio account the spatial distribution of
demand and supply in the city and using trafficildmnium models. Latter models proposed
by Wong et al. (2005a) and Yang et al. (2010b) rassba bidirectional function taking into
account the willingness to pay of customers, makinguch more realistic.

New technologies applied to the taxi market suclG&S, GIS and GPRS were also
simulated in the different models, proving theinéfts and justifying their use. Many of the
models developed have been tested in various atieand the world using data from
different sources. Beesley (1973) and Beesley dadt& (1983) studied the data obtained
from questionnaires in different cities in the W§pecially from London. Schroeter (1983) is
the first to use data from taximeters in his modesing the data from a taxi company in
Minneapolis (EEUU). Schaller (2007) used intervieavgl questionnaires from taxi agents
and customers in different cities of the EEUU. Relge Kattan et al. (2010) developed
regression models for work trips made by taxi inC2Hhadian cities.

A detailed review of the aggregated and equilibrimdels named above can be found
in Salanova et al. (2011), where the different aggions of the models are presented and

discussed.



3. Description of the proposed model

The proposed model uses the different mathematarahulations presented in the
literature (Corominas (1985), Chang et al. (20@®)®and 2010), Zamora i Conrado (1996)
and Meyer (1961)) for obtaining the optimum sizeflrelated to each operational mode, city
size and demand level. The correspondent genatatiast and Level of Service (waiting
time of users) are also obtained, comparing for same city the characteristics of two
different operational modes for taxi services (mpitm fleet and the related unitary cost and
waiting time of users for the dispatching and hagjliaxi markets).

In order to define the optimum fleet size, all tusts (monetary costs and time costs) of
the involved stakeholders are added in a uniquetitum Different quality constraints are
defined and the objective function is solved, pnéisg the results in terms of minimum and
optimum fleet size for each operation mode, dentewel and city size.

The objective function is composed by the “cosis”térms of time) of the involved
actors and the cost of the taxi services infrastnec In the case of the users the cost is
composed by the total travel time (access timetimgatime and in-vehicle time) and the trip
monetary cost. In the case of the city, the costscamposed by the increase of travel time
and emissions caused to other users by the taxerdriFinally, the taxi drivers cost is the
difference between the cost of offering the taxviee and the income (in this case the cost is
expected to be negative). The cost of the infratire varies depending on the operational
mode: zero cost in the hailing market; stand cootith and space opportunity cost for the
stand market; communications, office and persooosts in the dispatching market case. For
the external cost calculation, Geroliminis and Dega(2008) have recently presented the
existence and the methodology for the estimatiorthef accurate and not scattered MFD
diagram, that can be used for estimating the aeespged increase/reduction of the whole
network due to a reduction/increase in the numb&as (vehicle-kilometers, density) in the
network as it is done by Estrada et al (2011) wdtadying the impact of new bus lanes in the

city of Barcelona.

3.1. Model formulation
The proposed objective function is the following:
MinZg;+Z,+Z.+G Q)
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Where,

Model outputs:

Z4 is the cost of the drivers (mink; is the unitary cost of the drivers (min/trip)
Z,, is the cost of the users (minj;; is the unitary cost of the users (min/trip)

Z. is the additional cost for the city (mink is the unitary cost for the city (min/trip)
G is the cost of the infrastructure (ming 4s the unitary infrastructure cost (min/trip)
Ty is the waiting time of users (min)

T, is the access time of users (min)

¢ is the average trip cGH§E)

1 is the average number of trips per hour and dfivigrs)

AT, is the increase in the travel time of the othérads caused by taxis (min)
Decision variables:

A4 is the taxi hourly supply (vehicles per hour anebeof service)

D is the flag-drop charge (€)

T 1S the taxi fee per unit of distance (€/km)

Tgec 1S the taxi fee per unit of time (€/min)

Model inputs (variables):

Ay is the hourly demand for taxi trips (trips per hand area of service)

A is the area of the region (Fn

A, is the hourly circulating vehicles (vehicles peuhand area of service)

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

d is the average distance of the trip (km)

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

E, are the hourly vehicle emissions (kg of £O

Model inputs (parameters):

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

Ye=D+d tymFTyy - Teec, WhereF symbolizes the special addition of taximeters,edeling on the instantaneous speed. For
simplifying the model the average trip cost israstied only with the distance, without taking inteaunt the temporal fare.

2 Note that the terma does not affect the global objective functionha stakeholders since it will appear in both thersiscost

and the drivers’ cost with opposite signs. Howet/er an important factor when we analyze the padbility of each particular
stakeholder.



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 user perception factor of the access time

ay is the user perception factor of the waiting time

a;y is the user perception factor of the in-vehicheeti

Crm 1S the operational cost per unit of distance wisté€/km)

Cy, is the hourly operational cost of the moving taisnin)

Cg is the emission unitary cost for all vehicles (Edt CQ,)

r is the area and network parameter (dependinghengeometry as proposed in Holroyd
(1965) and Smeed (1975))

The above metrics are expressed in terms of oupmrt hour, analyzing the
characteristics and providing the results for thgical peak hour of the market. Longer
periods can be also selected if there is homogeireitheir characteristics along time. The
constraints presented below must be taken intoustashen modeling taxi services in order
to reflect physical or time restrictions of thelrearld:

e Access and waiting time of users lower than maxivalaes.
o Benefit of taxi drivers higher than minimum value.

e Emissions level lower than maximum value.

e Congestion level lower than the maximum value.

e Infrastructure cost lower than maximum value.

¢ Number of licenses between minimum and maximumeslu

The problem is to minimize the objective functionhil® respecting the above
constraints.

3.2. Review of the formulations presented in the literaire and used in the proposed
model
3.2.1In-vehicle travel time
The in-vehicle travel time is the same for the wpeerational modes. It can be expressed by
using the average distance between two interiortpovithin the zone and the average speed,
as shown in Zamora and Cornadé (1996):

rAl/Z
Ty = 20

()

Smeed (1975) and Holroyd (1965) calculated differenvalues for different network
configurations, presented in Table 1.



Table 1 Network parameters proposed by Smeed and Halyd.
Source: Zamora and Cornad6 (1996)

Network parameter
Network 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 1.2
Rectangular 0.78-0.97 1.153 1.p7
Triangular 0.998 1.1
Hexagonal 1.153 1.2
Irregular 0.80 — 1.06

3.2.2Access and waiting time
In the hailing and dispatching markets the acdess is either O or very small.
The models of Yang (2005) and Chang (2009) usentimeber of available taxis for

obtaining the customers waiting time. In the dispatg market, the average waiting time can

be expressed in terms of reaction time (negligiate) access time. The users’ waiting time is
the average travel time between the customer andedhrest vehicle, related to the density of

free taxis in the area. The proposed formulatioAamora and Cornadé (1996) is:

0,4
d(a) = ﬁr ©6)

WhereA is the density of free taxis. They conclude infiilowing waiting time:

_04Aer 0,4r
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Fernandez et al. (2006) present the following fdation for the calculation of the waiting
time in the hailing market:

K

Ty = ——
w A/’{d - A/’{‘LLTIV

(8)

In accordance to Douglas (1972), they use theviatig approximation for the parameter K:
K=— (9)

<>

3.2.3Trip monetary cost
The characteristics of the trip (average distangerage duration and average speed) depend
on the size and topology of the city. The averageel time has been presented in O; the
average distance depends on the average travehtiththe average speed; the average speed

depends on the policy applied to the taxi sectbith@y can use the bus lanes) and the



congestion level of the city for each time intenaald zone (obtained using the speed
reduction/increase obtained from the Macro Fundaah®iagrami (MFD) of the city). Other
characteristics, such as unitary fees or emisgioiegrg depend on the policy applied by the
city to the transport sector.

The value of time of both taxi user and other dsvis estimated in order to quantify the
economical costs of the total travel time in theecaf the users, and the travel time increase
in the case of the other drivers. Many studies lubtained specific values for the VoT of the
citizens by trip purpose, trip length, income artldeos. For the value of time, Small (1992)
proposes the 50% of the average hourly salary,enbihiganzo (2010) assumes it to be
20%/hour.

Three weighting parametera,( a,, anda;,) are proposed in order to use a unique VoT
for the taxi users. The parameters weight access tivaiting time and in-vehicle travel time,
taking into account the perception of the time iy tisers in each case. There is the need for
calibration of the parameters in each city andetgciThe proposed parameters in Zamora
and Cornadé (1996) are the following:

e Hourly cost of waiting time/hourly cost of in-veledime=2-3

e Hourly cost of access time/hourly cost of in-veaitime=3

3.2.4Externalities
In the last years there have been many attempitstdmalize the externalities of the road
transport in terms of congestion and pollution. Tikers that are paying these costs nowadays
are the other road users (congestion) and theeogifemissions). Both values are related to
the average speed of the network, which can beiletés if a neat MFD for the city/area is
known. If a neat relation density-speed is avadalilis possible to estimate the new average
speed of the network when adding or eliminatingaslekkilometers produced by taxis.

3.2.4.1.  Other road users

Taxis are circulating in the road network also ubgather types of vehicles, such as buses
or private cars. The number of circulating taxis rluence in the travel time of the rest of
the users, especially when the percentage of tatiee daily volume is high A variation in
the number of circulating taxis will affect the ued time of all road users. Estrada et al
(2011) have shown how to quantify the impact of thdriation in terms of average speed

reduction for a whole zone within the city. Usimg theat MFD obtained by Geroliminis and

% Geroliminis and Daganzo (2008) have proved thsterte of a unique and no scattered MFD.
4 Taxi volume in Hong Kong represents the 60% ofttttal volume in the peak hours (Yang et al. (2D00)



Daganzo (2008) it is possible to estimate the @espeed increase/reduction of the whole
network due to a reduction/increase in the numb&oas in the network.
3.2.4.2. Emissions and fuel consumption

The environmental issues are gaining importancenwdeveloping policies and planning

transport systems. In order to quantify the impafcthe taxi services on emissions, an
emission unitary cost is applied to the taxi enoissiand to the additional emissions from
other vehicles caused by the extra time due tgthsence of taxis in the network. The fuel
consumption and the emission levels are estimasioguthe travelled distance and the
average speed using the formulatfopsoposed in the different environmental modelse Th
impact of the taxi fleet on the average speed efribtwork can be approximated by the
MFD: more taxis (vehicle-kilometers) will increatiee density of the network and therefore
reduce speed; oppositely, a reduction in the nurabeehicles-kilometers produced by taxis

will increase the average speed of the networlyaied fuel consumption and emissions.

4. Application of the proposed methodology

For the purpose of this paper two models are deeeland presented, the dispatching
and the hailing market. In the case of the dispatcmarket the vehicles wait at taxi stands
of a homogeneous network of taxi stops distribatedg the city. The externalities costs and
the infrastructure costs are not taken into accolim demand is supposed known, and the
models present the formulation for the optimum tflebe waiting time related to this
optimum fleet and the system costs. The demandiledilen can be introduced into the model
by using a bi-level formulation, where the demasictalculated at the upper level and the
supply at the lower level. In each iteration theting time related to the optimum fleet is
used for estimating the demand, and this demaused for obtaining the new optimum fleet
and related waiting time, stopping when the valdes't change significantly between

interactions.

4.1. The dispatching market application
Taking into account the defined objective functiand the approximations for the
different variables presented above, the user aiv@rdcosts can be rewritten in terms of

demand, supply and area of service. The optimurplgip presented below:

5 Most of the models propose a second grade funaiogstimating the kilometric fuel consumption ahd emissions using the
average speed.
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where the first term is the minimum fleet size $erving all trips and the second term is
the extra fleet needed for providing a better LaS customers while maintaining a
satisfactory profit to taxi drivers. The constaatue of this extra fleet is directly proportional
to the VoT and inversely proportional@g andv, which means:
e High VoT of taxi users implies a higher extra fleebrder to reduce waiting time.
e Highr (longer trips due to the complexity of thetwork) values implies more taxis
¢ High hourly operating cost implies fewer taxis feducing the empty kilometers of taxis.
e Higher speed implies smaller taxi fleet due tohtgher performance of the vehicles.

The relation between these four values (r, VoT rafpen costs and network speed)

defines the extra fleet needed for serving the sdangand level and city.

= = Minimumfleet = ==-Extrafleet Optimum fleet

Number of vehicles
\
\

e
______

Figure 1 Minimum, extra and optimum fleet in relation to the city area

Figure 1 shows the minimum and the optimum flee¢siobtained by the formulation
presented above in relation to the area size fmmeric case. It shows that small cities need a
very small minimum fleet due to the small distan€ehe trips, but the extra fleet is much
larger. Larger cities need larger minimum fleetgder trips), but the extra fleet is smaller in

relation to the minimum fleet compared with smadligies.

= = Minimumfleet ===«Extrafleet Optimum fleet

Number of vehicles

T
-

Demand

Figure 2 Minimum, extra and optimum fleet in relation to the demand for taxi services



Figure above shows the optimum fleet and its coitipas(minimum fleet and extra
fleet) in relation to the demand. The relation kew the minimum fleet and the extra fleet
decreases as the demand level increases. Agaiddmand levels require larger extra fleet in
relation to the minimum fleet.

The waiting time related to this optimum fleet sig@resented below.

- _( ay, VoT, _2)_1/3 (11)
w =\032 ¢z’

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

o Higher VoT or network speed implies less waitingdi
o Higher r orC;, implies higher waiting times.
Finally, by introducing the above results into tieneralized cost function (drivers and

users), we obtain:
(12)

1
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where the first term corresponds to the fixed hoodst of the taxi fleet, the second term
represents the user and driver variable cost ddleetdrips and the final term is the waiting
time cost of the users. Rearranging the terms atbducing the formulations of the
optimum fleet and the related waiting time we abthie following system optimum unitary
cost:
Zy+Zy  C, rA'l2 (13)
Ay A VoT,; 20

-1
co (s o) (o)
By representing the unitary costs we obtain thalteshown in Figure 3 below, where
the minimum and optimum fleet are represented u#iregformulations presented above
(equation (10)). The figure represents the totatsgaxis z — contour lines) of the system

depending on the demand (axis x) and the supplg (@xXor a fixed area size.
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Figure 3 System unitary cost of each demand and sply configurations for the dispatching-stand market
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Calculating the unitary costs the results shownFigure 4 are obtained, where a
minimum system unitary cost can be observed. Eachadd level has a supply level (or

range M) for which the total unitary cost is minimu

= = usercost -e:---- totalcost peruser  ====drivercostper user = Tw

ime

Cost
Waiting ti

Supply

Figure 4 Waiting time, user, driver and system unary costs of different demand levels for the disgahing-

stand market

4.2. The cruising market application

Taking into account the defined objective functiand the approximations for the
different variables presented above, the user aiverdcosts can be rewritten in terms of
demand, supply and area of service for the haitiagket. The optimum supply is presented

below:
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where the first term is the minimum fleet size $erving all trips and the second term is

" T
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the extra fleet needed for providing a better La@S customers while maintaining a
satisfactory profit to taxi drivers. The constaatue of this extra fleet is directly proportional
to the VoT and inversely proportional @, Cy,, andv, presenting similar behavior as the

one observed for the dispatching market.
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\
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Figure 5 Minimum, extra and optimum fleet in relation to the city area

Figure 1 shows the minimum and the optimum flee¢siobtained by the formulation
presented above in relation to the area size fgereeric case. It shows that the extra fleet
grows linearly in relation to the city size whilbet minimum fleet grows with a higher

exponent. The number of extra taxis in relatiothtextra fleet decreases as the area grows.
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Figure 6 Minimum, extra and optimum fleet in relation to the demand for taxi services

Figure above shows the optimum fleet and its coitipas(minimum fleet and extra
fleet) in relation to the demand level. The relatietween the minimum fleet and the extra
fleet decreases as the demand level increases.

The waiting time related to this optimum fleet sig@resented below.

ayVoT, ﬁ)—1/2 (15)

T =
w ﬁCkm‘i‘Ch



The waiting time is multiplied by the same factoonenented above (directly
proportional to the VoT and inversely proportiot@Cl,,, Cy,,, andv). Finally, by introducing

the above results into the generalized cost fundtioivers and users), we obtain:

Aa"(Ch + TCrm rA'/2 (16)
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where the first term corresponds to the fixed hoaodst of the taxi fleet, the second term
represents the user variable cost due to thedripgsthe final term is the waiting time cost of
the users. Rearranging the terms and introduciagddimulations of the optimum fleet and

minimum waiting time we obtain the following syst@ptimum unitary cost:
17)

1
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By representing the unitary costs we obtain thalteshown in Figure 7 below, where
the minimum and optimum fleet are represented usiiegformulations presented above
(equation (14)). The figure represents the totats@axis z — contour lines) of the system

depending on the demand (axis x) and the supplg y@xor a fixed area size.
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Figure 7 System unitary cost of each demand and sply configurations for the dispatching-stand market

Calculating the unitary costs, the results showrthm below figure are obtained,
where a minimum global cost can be observed.
As observed in the dispatching market, each dernfered has a supply level (or range

M) for which the total unitary cost is minimum.
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Figure 8 Waiting time, user, driver and system unary costs of different demand levels for the dispahing-

stand market

4.3. Comparison between the hailing and the dispatchintaxi markets
The above formulations are compared for estimatiegdemand level and the area size
where a dispatching market has better performarared hailing market and vice versa.

Drivers cost Dispatching mode = w= Hailing mode Users cosl

Supply

Demand

Area

Figure 9 User and driver costs for each area, demad and supply level for the hailing and the dispatkaing

markets



The above graph show that the user costs of thi@dnanarket are lower than the ones of
the dispatching market, independently of the ateajand or supply levels. At the same time,
the driver costs are higher in the hailing markedépendently of the demand and area levels,
but depending on the city size).

The above result means that there will be a demsumgply and area levels where the
unitary costs of the dispatching and the hailingle®are equal, defining the demand, supply
or area for what both systems will have the sanmtamyncost. Therefore the bounds of the

demand, supply and area values where one operatioe is better than the other ones can
be observed in the below graphs.

Unitary cost

System total costs

Unitary cost

Figure 10 Unitary and system costs for each aredemand and supply level for the hailing and the

dispatching market



The boundaries of each one of the three aboveblasigdemand, supply and city
area) are defined by the other two. For the sammadd and supply level there is an
equilibrium area value where the unitary costsdefttailing and dispatching modes are equal.
Dispatching mode is recommended for smaller citibBe hailing mode is recommended for
higher cities than this equilibrium area. The samorclusion can be obtained for the other
two variables (demand and supply). This equilibrivatue is the value where the unitary
costs of the same supply, demand or city are eqimEn operating in a hailing or a
dispatching mode. Any change of one of the thre@bkes will increase the unitary cost of
both operation modes, but they will not be equahaore, and one of the two will have lower
unitary cost and it will be the desired one.

It can be also concluded from the figure above e optimum supply for the same
area and demand levels is smaller in the hailingleniman in the dispatching mode. The
hailing mode prefers fewer taxis because they aoeilating constantly, increasing in this
way the waiting time of users, but reducing theavdadime of drivers. The dispatching mode
prefers more taxis because they are waiting atstaxids, reducing their operational costs and
earnings, but reducing also the customers waiting.t

Three parameters have great influence on the almmpglibrium points: the
operational cost, the average speed and the VdluEnme. The table below shows the
gualitative impact of each one of the parametethdéahree equilibrium points named above

(demand, area and supply).

Table 2 Impact of the operational cost, the averaggpeed and the Value of Time on the equilibrium poirst
related to demand, supply and area.

Parameter Change in the parameter  Impact on thbemgum point
Demand | Supply| Area
Value of Time (VoT) Reduction Higher Highey  Higher
Operational cost<Ly(, Cy,) | INncrease Higher Lower Higher
Speed V) Increase Higher Lower Higher

The above results can be explained as follows:

e A reduction in the VoT means that higher area aechahd levels can be served
better by the dispatching market because useressesensitive to waiting time. In
relation to the supply means that higher supply kdlve fewer unitary costs in the
hailing mode than in the dispatching one.

e An increase in the operational costs or in the dpmeans that higher area and
demand can be served better by the dispatching /moeleause the number of

kilometers is lower than in the hailing market.thms case the supply equilibrium



point is lower, what means that higher supply \wdlve higher unitary costs in the
hailing mode than in the dispatching mode.

Finally, two curiosities of the obtained resulte aresented below.

Dispatchingmode = = Hail

Dispatchingmode = = Hailis

[
Optimum fleet
\
1
\
\
\

Figure 11 Unitary cost depending on the demand (gnd optimum fleet depending on the area (b)

The first graph shows how the unitary costs corer@vgen the demand is increasing for
both modes of operation. The second shows thaigtisum fleet of the dispatching market

presents a minimum in relation to the area whilhahailing market it grows continuously.

5. Agent based modeling of taxi services

The authors (Salanova et al. 2012) are currentlgkiwg in an agent based model for

estimating the variables of the three modes of aifmr. The graphs below are a brief
presentation of the obtained results.
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Figure 12 Passenger and driver costs related taffierent supply levels and to a fix demand for the
dispatching mode model.
The above graph shows the systems costs of diffélest sizes for a fixed demand level

and area. It can be observed that the systemscaopst is very similar to the one obtained
presented in Figure 10.
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Figure 13 Relation between the empty and the bydlistances for the dispatching mode model.

The above graph shows the relation between thepiduand vacant distances for
different supply levels. This relation is 0.65 the supply related to the minimum system
cost, which means that the 60% of the time thestaxé empty. The table below shows the

results for the three operation modes obtainedhéyagent-based simulation model.

Table 3 Simulation results of the three operation mdes.

Dispatching* | Stand Hailing**
Optimum fleet for system cost (vehiclgsd 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 stopped time (min) 0 24 0
Income of drivers (euros/h) 67 54 38
Driver unitary earnings (euros/hour) 32,5 30 -8
Rate occupied/vacant moving time 0.65 (35-40%)3 (55-60%) 0.16 (10-15%
Rate occupied/vacant distance 1.5 (60%) 15 (94%) 25 R0%)
Average user waiting time (sec) 136 65 392
User unitary cost (euros/hour) 6,45 6,25 7,5
System cost (euros/hour) 385 325 865

*In the agent based model the dispatching taxicimecalating continuously waiting for a call
**In the hailing case more than one hour was needest of the times for completing all
trips since the taxis are randomly looking for gser
6. Conclusions

An aggregated mathematical model for the estimaifaihe costs of the taxi services in
urban areas has been presented in this paper. Ddelns able to take into account
externalities, such as environmental issues oldela

Formulations for the dispatching and hailing taxarkets have been reviewed and
analyzed, concluding in minimum and optimum tagefk for different city sizes and demand

levels. While the minimum taxi fleet ensures thiatrgps will be served, the optimum fleet



ensures a minimum LoS to travellers while providpusitive benefits to taxi drivers. This
extra fleet size is directly proportional to thdueaof time of users and inversely proportional
to the speed and hourly operation costs of taxiedsi As it is obvious, larger cities need
larger taxi fleets for satisfying mobility needstbé same demand level. The relation between
demand and supply has been presented for diffeitgraizes.

The model presents the methodology for obtainireg dptimum fleet and the related
waiting time for each demand level. If the relatlmtween the waiting time and the demand
is known, the demand can be calculated for theimdxdawaiting time, and using an iterative
procedure demand elasticity can be introduced tiitomodel. Demand fluctuations can be
also taken into account, dividing the day into timéervals and solving for each time
interval, obtaining in this way the optimum fleer feach interval and therefore the supply
distribution along the day.

The proposed model is based on aggregated matloaiegbiproximations, where spatial
distribution of demand and supply cannot be taketo iaccount as it is done in the
equilibrium models. Moreover, the agent based mbdaig developed by the authors is able
to take into account this spatial distribution, wing the effects of different networks
geometries and demand distribution in comparisdh this aggregated model.

Applying the formulation to the different operatiorodes they can be characterized and
compared, obtaining guidelines on the implementiatibtaxi services to different cities (size
and demand level). The presented results inditatiesmall cities or cities with low demand
for taxi services must have dispatching taxi markather than hailing market. At the same
time, if the taxi fleet is big, it is recommended lhave a hailing market rather than a
dispatching one. This results are obtained wittiaking into account the externalities of the
circulating taxis. If they are introduced into thdels the above conclusions may change
due to the impact of the circulating taxis on tkierage speed network.

All the presented models need to be calibrated watii world or simulation data in
order to understand the behavior of the variables @ validate their hypotheses. Agent
models like the presented should be developedifaulating the drivers and users behavior
in the network and support the proposed models suittulation data.

Further research is also needed in the demandaggimmethods, since the waiting time
depends on the demand and at the same time thendede@ends on the waiting time. The
relation between demand and waiting time shouldriadyzed.

In order to better simulate the real world, mixedd&ls must be developed, combining

the different taxi operation modes, such as theehpgksented by Bai and Wang (2012).



Finally, real time data and forecasting procedunest be applied to the taxi models in
order to evaluate the impact on the level of serdnd the income of taxi drivers. This new
characteristics of the taxi services will anticgaser requests and traffic condition in the city

(As proposed by Wong and Bell (2006)), optimizihg tnanagement of the taxi fleet.

7. Proofs
7.1. Minimum waiting time, optimum fleet and unitary cost in the dispatching
market

Introducing the formulations presented by Zamord @ornadd (1996) (for the waiting
time and the average trip distance and duratiotheacgeneralized costs presented in the
model:
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Finding the derivative of the above formulationsespect to the supply:
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7.2. Minimum waiting time, optimum fleet and unitary cost in the hailing market

Introducing the formulations presented by Zamord @ornado (1996) (for the waiting
time and the average trip distance and duratiotheéayeneralized costs presented in the
model:
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Finding the derivative of the above formulationsespect to the supply:
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The associated waiting time to the optimum suppiyé following:
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Finally, introducing all the above into the geneed cost function:
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