Newcastle University e-prints

Date deposited: 30" April 2012
Version of file: Author final
Peer Review Status: Peer reviewed

Citation for item:

Markose S, Alentorn A, Koesrindartoto D, Allen P, Blythe PT, Grosso S. A smart market for passenger
road transport (SMPRT) congestion: An application of computational mechanism design. Journal of
Economic Dynamics and Control 2007, 31(6), 2001-2032.

Further information on publisher website:

http://www.sciencedirect.com

Publisher’s copyright statement:

© Elsevier BV

‘[Authors retain] the right to post a revised personal version of the text of the final journal article (to
reflect changes made in the peer review process) on your personal or institutional website or server for
scholarly purposes.’

The definitive version of this article is available at:

http://dx.doi.org/10.1016/j.jedc.2007.01.005

Always use the definitive version when citing.

Use Policy:

The full-text may be used and/or reproduced and given to third parties in any format or medium,
without prior permission or charge, for personal research or study, educational, or not for profit
purposes provided that:

e Afull bibliographic reference is made to the original source
e Alink is made to the metadata record in Newcastle E-prints
¢ The full text is not changed in any way.

The full-text must not be sold in any format or medium without the formal permission of the
copyright holders.

Robinson Library, University of Newcastle upon Tyne, Newcastle upon Tyne.
NE1 7RU. Tel. 0191 222 6000




A smart market for passenger road transport (SMPRT)
congestion: an application of computational mechanism

design

Sheri Markose™ , Amadeo Alentorn®, Deddy K oesrindartoto®,
Peter Allen®, Phil Blythe® and Sergio Grosso®

%Centre for Computational Finance and Economic ARIEBCFEA) and the Department of
Economics, University of Essex, U.K.
PCentre for Computational Finance and Economics £sgdsniversity of Essex, U.K.
“Cranfield Management School, U.K.
“Transport Operation Research Group (TORG), Neweastiversity, U.K.

Abstract

To control and price negative externalities in pager road transport, we develop an
innovative and integrated computational agent basedomics (ACE) model to
simulate a market oriented “cap” and trade systerkirst, there is a computational
assessment of a digitized road network model ofghéworld congestion hot spot to
determine the “cap” of the system in terms of viehi@lumes at which traffic
efficiency deteriorates and the environmental exdkties take off exponentially. (ii)
Road users submit bids with the market clearingepait the fixed “cap” supply of
travel slots in a given time slice (peak hour) bailetermined by an electronic sealed
bid uniform price Dutch auction. (iii) Cross-seatal demand data on car users who
traverse the cordon area is used to model andratdithe heterogeneous bid
submission behaviour in order to construct therse@lemand function and demand
elasticities. (iv) The willingness to pay approadgth heterogeneous value of time is
contrasted with the generalized cost approachi¢igrcongestion with homogenous
value of travel time.
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1. Introduction
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Agent based Computational Economics (ACE) andragpatic arm of
computational mechanism design which involves humaerimental input and
computational-wind tunnel testing- (see, Friedman and Sunder (1994), Roth
(2002), Dastet. al.(2003),-Ledyard and Szakaly-Moore (2004), Arifovic and
Ledyard -this issue{2006);Markose and Sundgf200587)) is a fast growing new
subfield ofeEconomics andComputersscience. Ithas alseislsebeconeingthe

norm for the design of institutions. Economic ageare effectively computer
programs representing decistamles for behaviour within an artificial environnte
Agents can have varying degrees of computationellimence and autonomy to learn
and adapt to their environmeHtikewise, the environment can be represented in a
stylized way or in terms of what has been calledodel verité- viz. with the full
capacity to represent real time ddfdarkose and Sundéy(20076). Economic agent
modelling is increasingly being used‘tevind tunnel- test market protocols and
their variants irmdvanceof implementation. It is useful to know if the posged

design will achieve intended outcomes or bring almintended consequences that
are socially undesirablelhe latterare arisadirectly through poor design of protocols
or indirectly through strategic behaviour permiteedeven encouraged (inadvertently)
by the protocols:Agent based models have been used to understapdoperties of
auction design (Andreoni and Miller (1995), Koedarntoto (2004)) and more
recently they have been used for real world deafiplicationsas-such athe
reforming oftheelectricity markets (Bower and Bunn (2001), Bund &iiveira
(2001), Koesrindartoto and Téatsion (2004)).

Traditional modelling for policy design uses ecordric or analytical
methods:-Econometric methods run into whakisownreferred-t@s the Lucas
cCritique that arises from the lack of structuraldnance as agents game the system
(see, Markose2005). In other words, the estimated parametebpglwavioural
equations are no longer valid after the changeobéyrules.-Further, analytical
methods use simplifying assumptions for tractabditd cannot in many cases give
““pall parkK™ figures for the actual responsiveness of the gyste

In this paper, to control and price negative extties in passenger road
transport, we develop an innovative ACE model touate a market orientedcap™
and trade systemlhe ACE model provides an integrated framework tlaat be used
for most road network system$he core of the design is a Smart Market which
elicits valuations from potential road users thtoag on-line bid submission process
with a DutchaAuction protocol to determine the market cleariniggoand the
determination of winners and losersHence, the acronym of SMPRT which stands
for Smart Market for Passenger Road Transport.shigrt market concept with the
use of a bid submission process that signals gitkss to pay for immediacy or
priority of service in the context of Internet castjon was first suggested by Mackie-
Mason and Varian (1995} The approach based on the willingness to pay which
reveals road users’ different valuations of trairak marks a departurfom the

! McCabeet. al(1991)discuss how smart computer-assisted markets iavohine aggregation of
decentralized information such as on the prefergnaduations, capacity and budget constraints of
potential users or suppliers of a resource witbraralized market/auction protocol or algorithratth
determines prices and allocations. The desigmidednismart market is critical for it to work
effectively asa coordination device antb solve resource allocation problems in speciises with
complex features such,as this caseef-the pricing and control of negative externalifiesn an
economic activity.



traditional generalized cost approach to congesidarnality (see, Walters (1961),
Vickrey (1969)) which assumesteomogenous value for travel time.

The recent introduction in California of the dynaraind ambient congestion
pricing? of ““Expres$- lanes of certain commuter interstate routes ak figses
improvess-the welfare of those with higher valuations of &atime. They seek to
avoid congestion on the free lanes and enhancécabiity in travel time by paying
the tolf (see, Smalkt. al (2005), and Brownstoret. al.,(2002)).-This approach
works when there are alternative non-priced roadsrével for the relevant origin-
destinationg. Further, in this design of road pricirthere is no concern about
maintaining overall efficient use of fixed road eajty and hence there is no analysis
on whether the price charged on the Express lamasfficient to cover the road user
externality costs in both the priced and non-prieees-As there is no evidence of a
reduction in the numbewkforoad users on the route, this may indeed be uplikebe
the case.

The*-cap™ and trade approach used in our design of SMPREEred by
the principle of assigning property rights to thieads™- of economic activity aa
means of controlling negative externalitie.landmark application of the latter
arose with the Title IV of the 1990 Clean Air Actn&ndments in the .8.> which
aimed at reducing sulphur dioxide gp@missions from coal and oil fired electricity
generating plants (see, Schmalereseal.;(-1998, Joaskowet. al.(1998).
Significant to this framework, as opposed to tiadil command and control
methods where a plethora of prescriptive engingeaimd performance standards on
the abatement technology is imposed at the levideoindividual polluter, is the shift
of focus to thdotal acceptable amount of the negative factor fronet@omic
activity at a collective levelWhile often as in pollution control, thiecap™ is
determined by some grandfathering principlén our model of road user charging,
the“-cap™ refers tothethe efficient volume of traffic—eptimaHeveleongestion
wwhich determineshefixed supply of travel slots, denoted b§f Xn a given time
slice (Bam9am weekday morning peak hour) on a cordon area of a readork
identified as a congestiohhotspot-. -Theis efficient volume of traffic-eptimatlevel
of-congestionis determined by a state of the art road trafficrovsimulator whereby
the so called production function of traffic withtal distance travelled il vehicles
demanding service, taken as the tqtakitive“-output™ of the system, begins to drop
with incremental growth in vehicle volumes. Thigaken as a measure of héve
secialbenefits from travel falks whermany who may have successfully traversed
the cordon area-the-hedrwithin a given timean no longer do so due to the
gridlock.-This is also the point at which the environmeniémalities from

2 The prices adjust typically every 6 minutes tomtein traffic at free flow levels which involves a
density of less than 27 vehicles per lane per niilee fee is posted upstream from the entrandeeto t
lanes and road users decida the'spot’ whether to pay to use the Express lanes oséahe non-
tolled lanes.
% Tolls are collected on a per trip basis electralfjdy a system called Fast Trak which requiresrsis
of tolled roads to subscrilie.
* Sheri Markose is grateful to Frank Kelly for bring this to her attention.

he proposed target of sulphur dioxide {/Sfmissions from coal and oil fired electricityngeating
plants wasa-10-million- ton per-yearreduction (totalling about 50%#eductionfrom 1980
emissions levels to be achieved by the year 208Gtarting in 1995 Annualh-oQwvners of existing
affected units were givefixed numbers of tradable permitsach year. These wecalled “allowances”
with-and-the alteeativerulesgoverning their allocatiodepengd-ingprimarily on historic emissions
geneeationand fueluse-anrd-rewuse. Neentrants to the industrpust would be obliged tbouy
needed theiallowances from existing units or e Environmental Protection AgendyRA) auctions.




vehicular emissions were found to take off expoiaigt -Thus,-while
adeptingalthough we adoat’ cap™ and trade approach used in pollution control, it
is important to note that there is a crucial déface between a fully tradable system
of permits for negative externalities abatementthedid-only market for fixed
slots.-In the first, all participants atecentivized given an incentiveot merely to
seek out cheaper alternatives but also to use uegereceived from sales to make
necessary abatement investments. A large pareddubtion design in the case of
pollution permits is geared toward achieving thgeotive.-In the bid-only system

for travel slots, the revenues are collected sdiglg transport authority and the latter
alone has access to funds to make the technoldgipabvements for abatement of
the externality. In keeping with the rationale lné t-cap™ and trade approach, it is
critical that revenues collected incentivize a neawe of technological innovation for
low impact transport modalitiedndeed, the prescription of the ‘cap’, beyond whic
congestion reduction is not necessary, is a usefice to prevent monopoly pricing
that could follow from the bidonly framework of road user charging.

The SMPRT simulator was applied to price congesticareal world city
centre congestion ‘hot spot’ the ctentral Gateshead in theKl. -Extensive data
analysis was done by Peter Allen to identify theetegeneous demand characteristics
that correspond to actual income, demographic anib-€conomic classes of the
commuterghat whotraverse the cordon arealhus, the simulation of the bid
submission process by road users was done inyadisthggregated way based on this
demand analysis.The-results of the agent based SMPRT simulations of the
heterogeneous bid submission procegs®éctual road usetsas havdeen very
illuminating and yields new insights for issuesa®tingthewillingness to pay and
the value of travel timeThe application of uniform priee auctioninrgather thara
discriminatorypricingoneis related to the need to determine unique maiketing
prices and an inverse price functfbThe heterogeneous value of time is determined
by the marginal road users who respectively cleamntarket at different levels of
biddable travel slots. This can be contrasted with the econometric lpdata
analyses based on reported and stated preferencalde of travel time that have
been used in the case of the dynamic congestioimgrin Express lanes in California
(Smallet. al (2005), and Brownstoret. al.(2002)). Compared to the traditional
generalized cost function models for road useathion based approach enables the
experimenter téheprobe the system for demand elasticities with retsygethe road
user price both on an aggregate and cross secbasi across different socio-
economic classedndeed, as will be discussed later, in the germditost approach
to congestion charging, the aggregate demand@tgss not integral to the model
and has to be obtained in ath hocway.-Further, the identification of the winners
and losers, in the agent based SMPRT framewvaatk be linked to the home-work
spatial locations of the regidgafor simulakions onthe longer term implications of
road user charging and for the more efficient miovi of public transpoft.

® At the levels of excess demand currently presedtfarecastdto persist in the medium term future,
our robustness analysis shows that the uniforme@iction generates more revenues than the
discriminatory auction (see, Markose al.(2006) and Koesrindartoto (2004)).

" At the levels of excess demand currently presedtfarecasid to exist persisin the medium term
future, our robustness analysis shows that thetmipriceauction generates more revenues than the
discriminatory auction (see, Markose al.(-2006) and Koesrindartoto (2004)).

8 Allen (1997, a,b) has recommended that such ACE modelsdmkfor an integrated analysis of
transport and land use models.



A final important aspect of the empirical implemetion of the SMPRT
simulator is the finding that the simulator carepplied in two distinct wayskor
this, it is useful to distinguish between road reks that have a high proportion of
habitual car users (example, peak time week dsycemtre traffic) and those with a
high proportion of road users that vary from ong wathe next (for example, the
M25 London orbital roadespecially on weekends ab8ankhHolidaysete). - In
both caseghe determination of the optimdélcag” for the road network system is the
benchmark. In the caséth-of habitual road users whose homework-place origin
destination (OD) matrix and demand distributiont@mcteristics is available, this
data can be used to calibrate the SMPRT simulatdetermine the-cap™ related
price for congestion and environmental externalititlowever, theactual
implementation of the SMPRT to operate as an ogeeai market to determine the
market relevant price for peak time road use maydmessary only in the case of road
networks where the actual users have demand distiial characteristics that are
highly variable over time. Where an actual bidreigsion process needs to be
implemented, the mechanism designer has to praidbustness analysis of the
feasibility of the auction protocol to deliver thegjuisite revenue from the bid$his
crucially depends on whether agents will bid tiie values, an assumption that is
made in the simulated format of the SMPRT. Agaim ACE approach based on the
Erev-Roth (1998) reinforcement learning was devedbip show howunder
conditions of strategic bidding¢at thecritical degree levedf demand pressure
(relative excess demand to theap- supply)is-needed for the proposed SMPRT
protocol to work in practiceHowever, due to space constraints, the results from
these are reported elsewhdiarkoseet. al.(—(2006).

The rest of the paper is organized as folloWwsSection 2, we first give a
brief introduction to the rationale for pricing tbase externalities and some issues
raised by the London congestion charging experiefibe generalized cost approach
to pricing congestion externality is given in SentR.3 followed by the auction based
approach:Section 3 outlines the determination of theap™ based on the transport
micro-simulation oftCentral Gateshead. The congestion costs in timetedt
traffic induced output from the transport simulasaare recorded as vehicle volumes
are scaled up and down from existing demand. Sedtigives a discussion of the
demand analysis and the bid submission daténfmoad users who currently traverse
the cordon area in morning peak hour of 8-9&maction 5 gives the SMPRT inverse
price function and the estimates for demand, incarmespeed elasticitieT.he
SMPRT price which equals marginal social cost isfbto be less than the price that
clears the market at thecap™ determined by the transport simulatdhe
generalized cost function estimates for congesidarnality cost is compared with
the estimategiven in the case of heterogeneous value of tiffe=-lasiSection 6
gives concluding remarks antticatesfuture work needed.

2. Pricing ofrRoadutseekExternalities: g&eneralized:CostaApproach
andbBid bBasedsSmartmiarketfFor cCongestiorpFricing

° Note, all SMPRT inputs and outputs relating tocteiring prices and winner determination can be
obtained by running th&mart Markesimulator at
http://www.essex.ac.uk/ccfea/research/ACE/ace_rekddm . See also the Foresight report of
Markoseet. al.(2006).

-hitp/Awwaaressex-ac-ukiccfea/menus/news-htm .




2.1 WhycControl andpPrice nNegativeeExternalities ofr-Road ulse?

The traditional view is that economic developmeithiis ever increasing
demand for road transport and the consumption ofreaewable energy sources in
this mode of transport, with their respective copsaces of congestion and
pollution, aresutnecessary evils that must be collectively borAgrogram of
economic development that fully prices and intémeal the externality costs that the
private costbenefit calculus cannot incorporai®increasingly being seen as
essential to prevent the overuse and degradaticesofirces.The latter is powerfully
brought out in Garett Hardin’s classic paper on‘ffirmgedy of the Commons
(Hardin {1968), where a decline in social welfare and totaput occurs:s when
there is no institution to signal and correct fog hegative impact of private
behaviour on society as a whole.

Congestion, pollution and other environmental negatxternalities from
road transport arise when the volume of trafficemds the free flow capaciby of
the road network and when any additional vehiclesea increased delays to other
vehicles with a knock on effect of higher enviromta costs to society as a whole.
Road users incur only their private costs and mefll marginal social costs of
congestion and henéever-use occursas becausthere is no publicly available
signal when total social benefits start fallinbhe implementation of road pricing
schemes such as toll corddoscover such externality costather than to raise
revenue or to recover costs of road building anthteaancesuch-as-in-the-case of
toll-cordonsis relatively new'® Optimal road pricing can be viewed as the
application of a correctiver-Pigouvian tax (Pigou, 1920) that seeks to intereathe
costs of the negative externality via a marginalaaost principle. However, till
recently the negative externalities from road use werenmisly difficult to
estimate, let alone cosklarginal social cost pricing of road use exteriggdithas been
considered by many to be impractical to determimimplement and when it
manifests as a spot price applying in a personeglimee specific form, it has been
criticized on the grounds that road users needhbaviwhat to pay before the journey
- {Nash and Sansofa{2001)** Further, political constraints are cited for wthg
use of road pricing has failed to materialize exde limited number of cities
despite the growth of traffic congestieNevertheless, the continued and predicted
growth in the ownership of cars and the use of H&Wshe distribution of goods,
along with environmental concerns of expanding rcegeiacity has led to innovative
traffic management and demand mitigation stratelgiésg actively sought by
governments of many countries and especially intie

2.2 Someétssuesn-with LondoncCongestiorcCharging

%n the UK., the Ministry of Transport Smeed Report of 1964tfproposed the idea of pricing roads
as a function of congestion costs.

" The ADEPT (Automatic Debiting and Electronic Payrmr Transpor) project whichconducted a
field study in Cambridge ovéhe a period of three years from October 1982such an example of
spot pricing (Blythe1993, and Blythe and Hill4994). By all accounts, the field study signalieel
feasibility of the technology involved in monitogrand charging traffic in a radially configured
cityscape with a fixed (18) number of entry poinf$ie ADEPT scheme relied on an on-board device
that was electronically activated aadactivating deactivatash entry and exit from the city limits.
Once activatedhe device connected to the odometer of the vehiallwould charge by debiting from
a smartcard only during periods in which the speedidistance travelled signalled a state of
congestion.



The London congestion charging scheme which wasdated on 17
February 2003 involvesda single charge of £5 on vehicles to drive or partke
central London zone from 7am6.30 pm-It is a major example of a successful
social experiment, in addition to the ones in Spaya and Durhamwhereby in that
the public has complied with a congestion chaifige London congestion charge
was recently increased to £Blowever, it is far from the case that the determidma
of the fixed charge, the increase in it and thdyaiof the economic implications of
the charge along a number of relevant dimensiows haen based on a set of
modelling tools that can be tested out or reproduice coherent and integrated
manner-Shaffer and Santos2003) claimthatthe estimated fall in the volume of
vehicles in the Central London zone after the ohigion of the charge-has been
about-15% andhatit hasresulted in a 21 % increase in speids implying jes
that the congestion chargeafoui£s is about right according to‘ageneralizet-
marginal congestion cost calculation da@xepost-The moot point is that the £5
charge and the increase to £8 were not based ige@tifiable notion of efficiency of
road use in the cordoned area and there is not @ptjenal volume of-passenger car
units’- (PCUs, for shortyNote, the latter is a standardized measure forcleshbf
different sizes-Hence, apart from noting that there have been ingments in
congestion in London, there is no means of assg#smextent to which congestion
abatement is to be pursuBdFurther, while some estimates of price elagtioit
aggregate demand are made, there is little scogauige the price elasticities of
demand for the different socio-economic and incgnoeips of road users and hence
of the impact of the charge on the less well dffast but not least, as there has been
no transparency with regard to the allocative rgl@gerning the revenues raised, the
public authorities can exploit their monopoly stahy raising the congestion charge
by a large margin in the face of inelastic demand.

2.3 Homogenous opportunity cost of travel time

Typicallyy, all costs from road transport are found to groversely with the
average speed of traffiand congestion costs arise from increased journmey; T.
With volume of traffic, X, given inkestandardized passenger car units, BCle
average speed per hour is defined in terms ofwamgenumber ofkilometres
travelled, AKT(X). -Then, the average journey tirmehours AT, for the unit
distanceof a kilometreis:

1
AT(X) = AT (1.a)

The total journey time in hours for all X vehiclies

2 |ndeed, currently as reported in the Transportfardon (TfL) document (2003, p.46) apart from
the notion of free flow conditions of traffithere appears to be no methodology being used to
determine the optimal level of congestiohe TfL document considers that while there is an
““optimal’™- level of congestion, it is too difficult to deteima what it is.

% Note, however, we will use terms such as vehides)muters or road users interchangeably when
referring to PCUs.
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X
TT(X)—iAKT(X) : (1.b)

The well established concept of congestion extéynebst (see, Walters
(1961), Viclerrey (1969)) follows from the fact that while the in@lual road user
only experiences the averagiavel time related cost, he is unable“tmternalize-
the marginal impact on thetal journey time of all X road userddarginal total
journey time in hours, MTT,

_oTT(X) . 1
MTT = X AR A+ e y) - (2)
Here ,
_ 0AKT(X) X
o/x X  AKT(X) '
3)

is the elasticity of speed to volume of trafffc Equation (2) implies that for every
increment in traffic results ig,, times more travel time inflicted on the rest of the

road users than what is experienced by the addddlee The congestion externality
in travel timein; hours, is thus:

ET= MTT—AT = __ (@)
AKT(X)

The generalized travel cost approach used in mamgmt calculations of congestion
charging (see, Newbery (1990), Blake and Santd33Q@ssumes an average cast
per-avehicle journey for a unit distance of a kilomett€X)-. -The so called
generalized cost function C(X) has two main compasig (i) -a standardized vehicle
operating cost, VOGwhich-includes costs such as fuel, maintenance, insuramte
road taxand (i) a homogenous value of journey time, VOT, &ircommuters.

Thus, the generalized travel cost function wherliagpo (1.a) above gives:

VOT

_C(X)= VOC + — = Dist.
AKT(X)

— (%)

4 Note the evaluation of elasticity at X when imptarted in terms of discrete changes X0 is
AAKT(X)

_ AKT(X) _ AAKT(X) X
AX AX  AKT(X)

givenby: £« - We-ffollow the convention that

X
elasticities are given in absolute terms.
5t is also possible to include a third generalizedt, viz. the environmental cost of road uskisTs
often included as a generalized unit cost rathem tme which is:function of speed or AKper hour.
In the traffic micro-simulation, the latter was falito be the casahich implies a further environment
externality cost in addition to the unit cost. Agdor reasons of space constraints, the analysis
| of environmental costs of road use isomitted here.
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Here,Dist is the average trip length.
With X volume of traffic, the social cost witBC = XC(X), yields the
marginal social cost for congestion externalit§C" :

= —wse=5C - voc+ YOT pist+ —YOT o pist— . (6)
X AKT(X) AKT(X)
= C(X)+ _VotT_ £, Dist.
AKT(X)

Here ¢, is the elasticity defined in (3)As the marginal social cost, M§Gs

greater than the unit cost C(X), timalcongestion externality cost -E is what
needs to be added on to the unit C(X) for roadsutset-internalizé- it and reduce
traffic. However, the evaluation of this must mnd at the volume of traffic formally
denoted as X* atvhichthesocial optimum where the marginal social benefitrayel
equals the marginal social cost.the-inverse-demane® intersects-with-the

marginal-secial-cost-eurveirom (6), the pure congestion externality ctsE®
charge can be formally given as:

VOT . /{ Formatted: German (Germany)

+”_{ Field Code Changed

‘[ Formatted: German (Germany)

While data on vehicle operating costs can be staliwtal, the main drawback «_| Field Code Changed

of the generalized cost approach is that as thertyqity cost of time, VOT, is taken {Formatted German (Germany)

0 0

to be the same for all road users, it has no bgannhow the growing congestion will
affect demand for road use by commuters with diffiétime costsFurther, within

the framework, there is no means of determiningatigregate demand curve for
travel associated with congestion charging at diffetraffic volumes X:In other
words, all manner of assumptions have to be madstimate actual price demand
elasticities (see, Walters (1961), Goodwitp02), Oum-1999)) which is crucial
even for the evaluation of (7).

2.4 Heterogeneous opportunity cost of travel timeé willingness to pay

o

Commuters who traverse the cordon area belongdiff€ent““types™- or
socio-economic groups with corresponding incoméibistions.—Let ny denote the
total number of commuters of each type g = 1, 2, .G..and g refers totheith
agent in his group witm,, =1,2........ ,n, . ~Note X denotes the total number of
commuters of all types who travel in a given hour,

% Indeed, Varian (1993, p.553) has noted that thblpm with this Pigouvian tax approach is that we
need to know the optimal level of the negative exbty (viz., the optimal level of congestion in this
case) in order to impose the tax or chargarian goes on to say that if we knew the optiresél of

say congestiarthen we could just control the level of trafficlwme “and not have to mess with this
taxation/charging schenie In effect, the SMPRT is doing precisely this, iee control the desired
volume of traffic and determine the market cleanige and demand curve.
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G N —
— X = Z‘i Zlnig ; — With—R <A
g=1 n, =

(8)

Note, notation involving X, % X" <X° will also refer to the rank order of
theXth-genrericommutes such as in the case of gljwith the X highest valuation..

As the bulk of peak timeveek-day demand for road usedslerived demand
from work, the budget for commuting and the val@iroe is related to commuters’
income. Denoting thpro ratadaily income and hourly income of thg road user,
respectively, as%ig) and )V(nig) and assuming that a fixed proportion,of daily
income is spent on commuting to work, the totalpretate budgetary benefit from
the trips is given by :

& d yh(nig) .

gz Z (ay’(n,) -VvOC AKT(X) Dist) . 9)
Thus, with VOCthesame as in (5), different user types are distifgdsytheithe
size oftheirtravel budgetsayd(nig), and their travel time valuatiorThe value of
travel time, VOT, or its opportunity cost for eaadmmuter for every unit kilometre
is given by thepro ratahourly rate, {}(nig). -The average journey time of 1 kilometre
with X volume of PCUs isas beforegiven by 1/ AKT(X). At the given zero price
current level of demand,%in the cordon area with average trip length withjiDist,
(9) above must be assumed to be greater than thudgetary benefits from any
other alternative mode of transpofithe price as the maximum willingness to pay for
road use in the cordon area by thgth-agens present is determineds follows:

y"(ng)

I(n, )-VOC- ——2°_Dist =0 :For marginal n,withat P({ X%)=0 . 10
ay®(ng) AKT(X®) ginal ry (¢ X)=0.___(10)
ay®(n )—VOC—MDBI >0 ::For intra-marginal r.*giP(—XO):O. (11

9 AKT(X?) -

Notethatequation (10) states that at zero prieex%)=0, the marginal X th road
user is one whogero rata daily and hourly income yields zero net benebnirtravel
anda in (10) is calibrated to satisfy thisSuch a calibration dof, at the existing price
of zero, can be justified to maniféktrevealed preference of marginal road users
whose net benefit and hencelwitiness to pay is zererhus, if (10) is negative for
the given volume X then those indecide not make a trip into the cordon arka.
contrast, condition (11) holds for the infra-maajiroad userEquations (10) and
(11) relate tang agents’ true monetary values for work related tepsach traffic
volume Xand this will bedenoted as ¥ (X°).-for-traffic- volume X. with- V. ° £X°%)
MW@HM@MWQMWM%WW%MQ
value and \-(X%) > 0 with X'< X” are the true trip values for infra marginal .
commuters-in(11) withwho-have the—thetie highest trip-value-and-therei8 X
total-demand-This yields a B(V(X)) bid scheduleGraphical presentation of the
uniform-price sealed bid Dutch auction is giverrigure 1. The empirical analysis on
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the bid values for equations (10) and (11) andlitfierent bid schedules at different
traffic volumes will follow in

Section 4. - - {Formatted: Indent: First line: 0 cm }

When—ﬁ—theepﬁmaﬁe&#ed—eag_—e#am#ﬁ*ee%upply—eﬁraa@—sle&s X

b
PHRROS)=—ay (%) -voc——Y X)) _pistso @2)
AKT(X")
Bids ranked
from high
to low
- /
X" highest bid or
the bid schedule
px B(V(X"))
v
X" X% Quantity

Figures+e 1;: PricedBetermination in uniform Dutch

auction with fixed supply of Xtravel slots and actual
demand of ?

When ¥, the desired “cap” or any fixed supply of traskits X less than X
is imposed, with X< X' < X° the sealed bid uniform Dutch auction algorithemks
the bids of all X bidders from the highest to theést and the market clearing price,
P(X) is given by the X%highest bid in the bid schedule B(V(X:

- y"(X') S

P =P(X) =ay*(X")-vOC- AKT(X) Dist > 0. (12)

The inverse demand function in (12) directly deiees (X — X)) bidders
who are willing to pay less than the Mighest bid in the bid schedule function
B(V(X))). In other words, if P(X is charged then & X) bidders will have
negative net private benefit from the trip and Wwal priced out of the markeAs will
be seen, their socio-economic cross sectional ceitigo can also be identified.
Hence, the price demand elasticity of the systembeaprobed for any fixed capacity,
X* < X'< X° by the operation of the uniform Dutch auction kediclearing price
rule.
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Price

Bids ranked

from high

to low

- /
X" highest bid on
the bid schedule
px S B(V(X")) I

X" X°  Quantity

Fig.ure 1. PricedDetermination in uniform |rm Dutch
Dutch auction with fixed supply of Xravel hd actual
slots and actual demand o°

2.3 MarketinversedBemandFunction andcongestioreExternality cCost
heterogeneous VOSefiRead-t)se

As heterogeneity of incomes and theliedpvalue of time of the marginal
market clearing agent at different volumes of roa€rs, X, is the main determinant
of the equilibrium prices generated by the SMPRTchwauction algorithm as in
equation (12), it is important to estimate the @sigpn charge, E, under this
assumption and compare it with the P(X) function.

iV Talall Fai¥/a

il the case of heterogeneous \\OMith-the private cost
functionis given—we-defineas

lowerVVOT—Hence,

EX yh(X) .
c(X, Y'(X)) = vocC +W(X) Dist. (13)
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The social costunction, SC(X) funetionintegrateghe impact of the marginal driver
on all -evertheinifra-marginaldistribution-of prorata-daily-income from-thedrnise

starting with the,,- thehighestvaluation driversitstarting aX=0 up to the marginal
driver, X. -Thus,

X
— SC(X) = [C(X,y"(s))ds= XVOC +
0

This implies the marginal social coMSC(X) of travel which includes—frem
congestion externalities in the heterogeneous \@ltiene case is given by :

A _ _ _ _ A ALl —

0} C(X, y"(9d9 —h
AMSCXX): s = C(X,y"(X) + AKB_II_(X)ES/XADAI:
s = COG Y (X)) +B(X®). ¢ — (159
Here, C(X, ¥(X)) is given in (13) and
- _X[yh(s)ds -
Y= — and VOT(X) AR st (16)

are_respectivelythe averagero rata houtly annual income of infra-marginal road
users andVOT (X) is the average valﬁe of time of the infra-margioald usess for
the average journey length. .

With the SMPRT determingd inverse demand functibens the price at any
X, X*<X < X° is set to reduce démand to that point, it capdssly shown that only
for the social optimum, X will thé congestion externality cost E (X*) edtize price
P(X*) . The social optimum, X j5 obtained when the marginal social cost, MSC,
equals the marginal social gross benefit, MGB, fthetrip>’ This yields:

MGB(X') = a y(X*)7 C(X*, y"(X*) + E (X*)= MSC (X*). (17)

This implies that at X

P(X = (@ y4X") - C(X*, y"(X*) = E(X*). (18)

As the privatenetbenefit of the marginal road usem, ¥'(X) - C(X, V(X)) is
equal to the price, P(X), what the willingness &y @pproach indicates is that, to

X
7 Socialgross-gresbenefit is a_[ yd ('9ds or the gross daily income afl the infra marginal

commuters.
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choke off demand and to accomplish demand consigtiémany fixed “cap” X,

P(X) determined by the SMPRT simulator, has todvéed. The advantage of this is
that the SMPRT price can be applied to achievedasired fixed “cap”, such as’X
selected in the next section as one beyond whieldaction in congestion may not be
required on the grounds of traffic efficiency. dontrast, the congestion externality
charge, E(X), is valid only at the social optimal XAs identifying the social

optimum X is problematic, at other values of X, X>X*, chargithe difference
between the private cost and the social marginstlwidl contract demand far more
than is needed. It is also clear that willingntesgay determined by the inverse
demand function P(X) is less than the congestiderrality cost for X > X. Figure

2 illustrates these points and it has been caébrat terms of the actual data obtained
from the SMPRT simulations done for central GatagheFirst note that at zero price
P(X% =0, the gross benefit or the travel budget ofXAenarginal commuter,

a VX9, is exactly equal to the private unit cost &(X'(X%). The social optimum
X" in Figure 2 is obtained at PCU volume=X.2136 where the marginal social cost
curve intersects with the marginal gross benefiteu Here, the price P{X= E(X).

If the chosen cap is»with X* < X', the price P(X) exceeds the pure congestion

cost, E(X) related to MSC at % and there is some margin to include environmental
costs of road use.

Price and
cost (£s)
Marginal social cost
| £4.12 curve (MSC) )
=Marginal Gross
«— | Benefit(MGB) -
£4.00 Private
cost curve
. C(X, y'(X
£3.46 . YX)




P(X"
2.90
(xX*
2.76

£1.22

P(X%=0

Price and

cqost
L&
£6.0/

£4.12

P(X")
£2.90
£2,83

£2.77

£2.63

ES(X*) = £2.76
Congestion
Externality Cost

Willingness to pay: less

than theCcongestion
eBxternality cost at all
X >X*

—

Inverse demand
function : market
clearing price
function P(X)
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MMarginal
Gross
Benefit
MGB(X)

=a y4(X

11718 121% 12555

X

*

X

15066

X0
16740

PCUs/hr

Figure: 2:: Integration otwillingness to pay and inverse demand funcP(X) with

optimalroad-usercharging-wittongestion externality cogEX) at social optimum
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«—
E5(X*)

£2-02.0 \ Willingngss to pay: less
D than thepMarginal

ES(X%) sSecialefosicongestior

I
|
|
£1.22
P(X%)=0
X X' X? PCU
s/hr
11718 12555 15066 16740

Fig.ure 2.: Integration ofdtbemandzaAnalysis anthOptimal rRoaduUsercCharging
wWith eExternalityCcosts
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oX P(X)
P(X) X
And;-the marginal social (gross) benefit,

8 This is also to be expected in road systems wihere are no alternative routes or modalities ahat
close“substitutes
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3. How todBetermineathe“cCap”™ eSnfor tthe rRoadnNetwork
sSystem?

3.1 The traffic micro simulation of congestion

Though the situation of free flow at permissiblgdespeeds per hour is often
used as a bench mark to measure the state of ¢mmgéisis well known that zero

congestioft’ -is reither socially optimaletthe-eptimaHevel-of e@stion nor one that

coincides with efficient traffic conditionsHowever, to datghere has not been a
consensus methodology on how to gatigeefficiency ofthe-eptimaHevelof traffic
congestiorin thearoad network systemAs explained in the introduction, in the
““cap™ and trade approach to the control of negativereatities of passenger car
use, it is important to be able to set theag™ in terms of the total biddable travel
slots that entitle commuters to travel at a minimawrarage kilometres per hour in a
given time slice. Here, we explain hdmea “~cap™ can be determined by an
identifiable optimal level of congesti@valuated in terms of physical traffic
conditionsin the relevant cordoned area of road netwoir this, following the
philosophy of model vérité (Markose and Sunde®2006), which is well understood
in the application of traffic micro-simulators, thigtual or digitized physical
environment of the cordon area of road networkesystf the cityscape is designed to
includeall relevant features such as traffic lights, topogyagid extant speed rules.
A powerful state of the art transport micro simataimplemented by TORGlerives
the so called production functiafor congestiontraffiavhere-total distance travelled
by cars entering the cordon (the totadutput™) is recorded when there is
incremental growth in vehicle volumesiven giverin astandardized units of
passenger car uniRrCUYsfershert).The increments in PCU volumes are achieved
by the*-scaling- of demand from baseline demand given by the exjstiD (Origin-
Destination) matrix of the peak time (8am-9am) raadrs in the cordon areahe
validation of traffic flow for extant traffic volues for morning peak time traffic is
achieved by using a combination of dynamic andcstatite assignment algorithm.
The"-cap’- for the road network system is identified as tbimpat which the total
output of the system measured in total distancelied falls as volume of vehicles
increase. This is accompanied with an increasetal travel time for all the vehicles.
The method of*“-factoring™ or scaling corresponds to the notion of probing
the““production technology of traffic when increasing vehicle demand is camalli
with a fixed supply ofheroad network of the cordon arebn economic analysis, this
is a well understood concept for determining thimfpat which there are decreasing
returns to scale from a factor of production. Sachanalysis is critical for identifying
anoptimaltraffic conditions-—state-efcongestioflhus, relative to the baseline
demand taken as factor 1, traffic volumes that dwhemtry in the time slice are
scaled up or down at the rate of 10% from the lvesdemand16,740 PCU, and
factors from .1 to about 1.7 are simulated forrttraiffic induced outputs for the
cordon area?’ Table 1 and Figure 3 below give the results ferttaffic induced

° Free flow speed with zero congestion in practioplies a congestion externality cost in time of
under a minute.

2 This is a computationally intensive method witleextion times for factor 1.7 (ie70% more
demand than existing demand) taking over 40 hours.
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outputs which includeAveragekiilometeres tFravelled (AKT/PCU per hour);Fotal
tFravelt+ime, tFotal dbistancetFravelled and th&avel timemargiratongestion
externality estimated in minutes.

3.2 Trafficitnducedo©utput and the optimal level of congestion

We omit here all details of the traffic micro-siratibn that was done for the
congestiori“hotspot- in the city of Gateshead in thélorth of England”and report
only the main results of the analysis. As seen fi@ble 1 and Figurg , factor 13,
in the peak houtraffic period of 8-9an{marked by a shaded bandpme 16700
PCUs pass through the congestion hotspot in Gatdstlewing traffic down to about
4 kmh with thecost in minutes of theongestion externalitgestin-mindtegcolumn

7 in Table 1) rising to about 56 minutes. Any figrtincreases in traffic can tip the
system into complete gridlock whesé-onekilometre journey adds a burden of 1.5
hours in terms ofime cost oftongestion externality. Nate the average trip length
in the cordon area is 1.8 kms.

2 Full details of the TORG analysis canfband-at-www-foresight.gov.uk. obtained from thehmrs.
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Average speed (AKT), totdourneyraveltime per kilometre{FF¥) total distance travelled
per hour, for different levels of demand. (Currenel of demand is highlighted.)
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Average Totaf ——— - = - ————— - Congest- _ _Marginal
Average sSpeed, I_I;:LY Ioer 1 Total dbistanc ‘%ﬁl - E;—ui'; -- 7Ej€;n7 o fM—aé?;E%al—
Demand aAverage kkm Km D ionmey fe e~~~ - T T T By W T
(fFactor) tFravelled-/hr %—E J%m travelled  €six = Eq. (4) Hy S\i?iﬁg—a
(AKT/hr) = by all AMAKT _PCU  fgx 2 7 %
(sSmoothed? ) 1 (sSmoothed) PCUs ) ETin cCost
crhour  APCU - AKT AKT minutes n
JAKT el minutes
1 2 3 4 5 6 7 8 9
[PCU] km/h] [hkm] ] km] i [mins] __[mins]
%871‘)‘ 33.67 0.030 133.7 4501.1 -0.05 0002 012 )
?03‘53 35.38 0.028 243.3 8607.5 -0.01 o000 © 0
?gg 35.55 0.028 346.80  12329.0 0.12 o003 018 18
?83? 34.17 0.029 4926 168345 0.34 oot0 06 2.34
‘(303?)’ 31.23 0.032 6717  20976.7 1.17 003 228 42
1(%02)4 23.91 0.042 956.3  22865.3 1.27 00s3 18 57
1(%771)8 18.85 0.053 15025  28324.4 1.80 0096 76 8.94
1(%33)2 13.99 0.071 2005  28049.9 2.99 0214 1284 171
1(2096)6 8.76 0.114 309143  27080.9 478 0545 327 39.58
1%;‘0 411 0.243 62650  26112.6 3.87 0941 5646 104
18411)4 251 0.398 8081.27  20284.0 3.89 155 9289 11677
280%8 1.97 0.495 9727.8 192340 3.80 172 10341 13311
2(1175)2 1.40 071 110749  15530.2 2.29 163 0763 14023
2(3;443)6 1.15 0495 1320942  15229.9 ; .

| #The traffic induced outputs from the TORG simuatfor each of th@bdemandactors should in

principle be the average of a number of trial rumhis is because due to the stochastic nature of
| VISSIM route assignmergimulations while a single set of simulations have producedrctrends,
there are some fluctuations around this. Howeayiggn the computational intensive nature of
completing a single set of runs f@B-demandactors .1 to 1.7, we have had‘tsmootli- the data
pomts in some cases to follow the trend rathen mzaerage across several ruﬁhus—fer—e*ample

3 2 figures with-withthose inolumn 6.
4 This is obtained by multlplylnggures in column67 by 60 to get thalmeeest—etongestlon
externalitycostin minutes. D }

AKT

Munu%es—repeﬁed—meelwnn—ﬁeﬁablel

ZET or time congestion externality cost in hafiesx_in column 7 isobtained by multiplying column

% Marginal total travel time cost in column 9 of Tai and in Figure 3 is given in minutes and is
obtained by adding 60/AKT to time congestion exadity cost in minutes reported in column 8 of
Table 1.



23

Our analysis shows that free flow of traffic at thesrage speed of about 35
km/hr corresponds to zero or under 1 minute (seblell column 8) of time
congestion externality costs and is not optimaéims of the production function for
traffic. There are ‘productivity’ gains from inasing traffic beyond free flow.
Indeed, the target of free flow for all vehicles &l times and all roads corresponds
to a costly over provision of road space. The dedin total output in terms of total
distance travelled by all cars which demand ensiyplensafter the precipitous
decline of the AKT curve (see Figure 3 ) and weldnd speeds associated with free
flow. Thus, itis it is only at about factor .7 WiPCU volume of 11,718 that the total
output of the traffic system given in terms of tastance travelled by all PCUs
starts to decline. At this point, benefits fromngsthe cordon area falls as nobody by
his/her travel can benefit without making everybetse worse off. Indeed, many
who could have made it to work on time within tleeih before demand increased to
more than 11,718, are now unable to do so dueectgridlock.

Marginal total journey time cost in Figure 3, givierminutes, is obtained by
adding average time of the journey in minutes 6@ZAKT, with the time cost of
congestion externality in minutes reported in caluBnof Table 1. Thus, in the case
of factor 1 demand of 16740 PCUs, the marginal tmiat of a kilometre trip is given
by adding 14.59 minutes to 56.46 minutes, whickegji@bout 71 minutes (see column
9in Table 1). Further, along all the critical astseof negative externalities from road
transport, it was found that at this point, atdact.7 with PCU volume of 11,718, the
growth of total travel time and that of vehiculanissions altered from being linear to
an exponential rate. Thus, we conclude that foctrdon area for central Gateshead,
a “cap” of about 11,718 PCUs can be recommendéik effectively requires a 30%
reduction in demand.
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4. ThebBid sSubmissiongProcess andSmart mi4arket (SMPRT)

aAlgorithm

4.1 Empirical aAnalysis of théBid sSubmissiorpProcess




25

In order to understand how road users will biddlots to travel in a given
time slice, and also to establish the efficacyhef BMPRT algorithm as a means of
determiningthe-road user charge to achieve the desired levelmujestion at the
““cap™- for the cordon area, an extensive analysis o§tluén-economic and income
distribution characteristics of the commutgrst whotraverse the cordon area of
Gateshead was done.

This is because, as discussed earlier, equati st (11) which determine
whether road users travel or not through the coetea during morning peak hour
and their maximum willingness to pay is based @ir{bro ratadaily and hourly
income.-Note, the value of travel time VOT is imputed fréime willingness to pay
function-fer-of the marginal commuter whose bid clears the mafiea given fixed
supply of travel slots.

Table2 = { Formatted: Font: Bold

Percentageof commuters in each socio-economic group

kanagers 16%2
Frofessionals 1124
Semi-routine 313242
Administrative 14%2
FPersonal service 3%

Sales 1424
Foutine 1122

The range of incomes in each of these groups yikddiée 3.

On superimposing the origin-destination statisiicghe region with those for
the cordon area, we are able to cross-correlatpghk time road users who traverse
the cordoned area with the socio-economic clagsesnomuters in the region given
in Table 2.
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%olren;3 range of each socio-economic group in thhrad England

Wanagers £12,963 | £17.033 | £19.898| £23.492| £26.711| £29931| £34.092| £40000 £47.719| £53.021
Frofessionals £9.223 £13.759 | E17.251| £19567 | £21.930| £24.294| £26.686| £28.477| £33.978| £37.7%3
Serirtauting £10,142 E12310 | £14210| £16,152| £17,922| £19.692| £21.664| £25,021 | £30,704| £34.115
Administrative 6,216 8570 £10,833 | £12.268 | £13.461| £148655| £16,114| E18,12% | £23557 | E£26.17
Personal service | £4194 G117 E7 618 £5.870 £10,263 £11,657 | £13,048| £14345| £17.256 | £19173
Sales £3,754 £4.980 £5.860 £7.003 £8,5%5 £10.187 £11,989 | £13597 | £16,629| E18.476
Routing g2 022 £3246 £4831 £6.860 £5.999 £11,136 | £12960| £15,505| £19.381 | £21534

Based on the multi-modal study of commuters inréggon (Ove Arup

| Report, 2002);,we know that 78% of commuters are car drivers,thatithe

distribution of drivers is skewed towards the hégliners. We do not have car

| ownership data for the socio-economic clasS¢werefore we choose a threshold
under which we assume an individual could not dffordrive a car. A threshold of

£10,500 when applied to the disaggregated incorteeidd able 3 gave us the

| required outcome that 78% of commuters are caedsivFurther, on assumiaghe

total population of car users to be 16,740, weinlitee income distribution given in

| Figure 4.
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4.2 EmpiricalbBid s<hedules ofiBifferentsScio-eEconomicg&roups ofrRoad

udsers

Using the income data for each of the 16740 roadsusnd with the
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standardized Vehicle Operating Costs (VOC) caledldd be 47.48 pené&for the
cordon average trip length of 1.8 kms, equatid®3 and (11) in Section 2.4 were
used to determine their bids. Further, the datAkf/hr for the PCU volume from

Table 1 is used. Note, alsg the proportion opro rata daily income which
determines the travel budget ebtained determinetd be.0666-6by calibrating
equation (10¥uch sahat the market clearing bid at current demandépf40 equals

A

Formatted: Font: Bold

zero.-The following Table 4 gives the bid schedules Far dverage agent in each of

the professional categories where a bid has todmerfor a travel slot to travel at a

speed given in top row of Table 4.

The bid schedules given in Table 4 are plottediguife 5 with a colour code«-- f{
for each group. With AKT/hr on the vertical axisdafivalue of bids on the horizontal

Formatted: Indent: First line: 1.27
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axis, the representative agent from the highemmearoup has a bid schedule further

to the left (viz. higher £ value) than those in émincome groups. Note from

equations (10) and (11) in traffic conditions aisg to free flow speeds, size of bids

is primarily determined by the size of commutemsilytravel budgeta v, as the

time cost of congestion 1/AKT is small.

Table 4

Bid schedules at different volume of PCUs for therage/representative agent in

each group ¢ Pro Rata daily average income is given in brasket

AKT/hr

18.85

13.95

8.76

4.11

PCU/hr

11718

13392

15066

16740

Managers
(£115.48)*
Bid

£3.77

£3.44

£2.67

£0.35

Professionals
(£99.41)*
Bid

£2.97

£2.71

£2.08

£0.19

Semi-routine
(E85)*
Bid

£2.44

£2.22

£1.69

£0.09

Administrative
(£67.90)*
Bid

£1.86

£1.68

£1.25

£0.00

Personal service
(£60.50)*
Bid

£1.59

£1.43

£1.06

£0.00

Sales

£1.65

£1.48

£1.10

£0.00

% This based on recent figures given in Shaffer $awtos (2005).



(£61.14)*
Bid

Routine
(£99.41)*
Bid

£1.75

£1.58

£1.17

£0.00
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For the higher income group (managers) with gregeortunity cost of time,

the willingness to pay at higher speeds is relgtigesater than at lower speeds. For

example, the average range of bids for the mareggoup goes from close to £4 to

as little as 35 pence.

PANEL A: Bid submissions

— Managers
Professionals
Semi-routine

— Adminiztrative
Perzonal service

— Sales

— Routine

£15 g2

&9

EE

£ Value of Bids/Willingness to Payv

£3

40
32
24 .
K
T
!
16 L
t
g
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In contrast, those whose value of time is low (Ioimeome groups) the bids

remain more constant (viz., vertical in Figure &ytng at relatively low values of

about £1.56 for those in personal services, fompta. This is because their VOT
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with pro rata hourly wage, being relatively small, they are lessponsive to
increasing time costs of congestion, Table 5.

Table 5
Sensitivities for bid values to change in journieyet for representative agent in each group

(sensitivity calculated ag\(Bid/ A(1/AKT))

PCU 11718 13392 15066 16740
Managers 5.0 2.7 0.8 0.1
Professionals 4.9 2.7 0.7 0.1
Semi-routine 4.9 2.7 0.7 0.1
Administrative 4.7 2.6 0.7 0.0
Personal service 4.6 2.5 0.6 0.0
Sales 4.5 2.4 0.6 0.0
Routine 4.5 2.5 0.6 0.0

5. Description of SMPRESmulator andResults

5.1 SMPREBSmulator itnputs: AKT-curve antiBid sSubmission

The workings of the SMPRT simulator is displayed ifigQuadrantyHot
referred to as Panel A , Panel B, Panel C and Ban&lanels A and B contain the
two main inputs to the DutchAuction pricing algorithm while Panels C and D give
the main results.

Panel B displays the so called AKT-curve obtainmedfthe TORG traffic simulator
for the cordon area which gives the relationshigvben the speed and the volume of
PCU.-Below, the cursor is set at the AKT/hr of 18.85 km/hhet‘t-cap™ for the
systemidentified earlier in Section 3.2 at 11818
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Figuresure 6. AKT/hr function with the cursor at cap of 11208PCU yield an average
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speed (AKT/hr) of 18.85 Km/h)

Panel A of the SMPRT simulator, in Figurebelow, gives all 16740 bid
schedules as a function of AKT/hr given on theigattaxis. Noteghatthe bids are
colour coded to indicate the professional grouthefbidder. (Typically, a horizontal
blue line cursor in Panel A marks the cross seafdnids for the AKT/hr at the
chosen level of PCU.) At close to free flow AKTHr24 km/h, bids start at about
£13 while at the current road use demand, by coct#bn bids are zerokrigure 7
shows that at about 8 km/ais the system gets into a state of gridlethds from
across the board begin to converge to zero.

PAMNEL A: Bid submissions
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JFiguredre 7. All 16,740 bid schedules with of AKT/hr given on the it axis - { Formatted: Font: Bold

5.2 SMPREBSmulation cQutputs: mMarketpPrice andmMarketdbemandcCurve

As explained in Figure 1 in Section 2.4, the SMHARIEch aAuction protocol
ranks bids from highest to lowest, to obtain thekeademanffunetionagagregate bid
scheduldor a particular AKT/hr associated with the PCWMdk This is plotted in
Panel C of the SMPRT Simulator and shown in Figur&Vhat is important to note is
that if all agents have a constant bid schedulali@peeds with relevant PCU
volumes (such is the case when agents bid a cdanstaportion of their dailyro
rata income and set their sensitivity to travel timstsdrom congestion to zefo
{see Appendix 1)) then the market demahidinction aggregate bid schedigehe
same for alllevels of PCU.—However, using the willingness to pay function in
equations (10) and (11), there is a different madkenandaggregate bidurve for
each PCU volume with its corresponding AKT/hr.-Figure 8, we show-four
market demandggregate bid scheduleseurvese for each PCU level. The top
curve corresponds to tigtimal X’ cap of 11,718 PCY, while the lowest curve
corresponds to the demdadgregate bid—functfurion at current levels of traffic,
i.e, PCU of 16,740. Notehow the clearing price at current market demarmtie.

(=]

5000 10000 15000 20000 (PCU

£15

12
£9

£6
Cleating price is £2.90

far 11720 PCU, with

excess dermand of S020 R-cap1 43

?:ﬂl——m_h-\m‘“‘\\‘m

TSe—

£3
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PAMEL C: Demand function

Figureure 8- InversepPricedemandrFunction P(X): cCurve cConnecting the SMPRT
determined market clearing bids given as dotsieréspective supply of PCU slots

The SMPRT algorithm determines the clearing priséha X th highest bid
givenforbythe fixed X supply of PCU slotsvhich isless than the current demand of
X°. The clearing price (thgreen curve witltlots in Figure 8) needs to be read off

% The SMPRT algorithm rounds off the optimdl %ap’ value to be 11,720 rather than 11,718.
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from the appropriate market demémghjregate biecurve. Thus, the market clearing
price of £2.90 at th&-cap™- of 11,720 PCU is indicated bipe vertical-a-blueursor
in Panel C:-Thegreencurve connecting the market clearing price at ifferent
chosen levels of fixed supply of travel slots giverPanel C is the inverse
equilibrium market demand function P(X) definecepuation (12) of Section 2.4.
Note R-cap of 1.43 referred to in Figurel€inesrepresentbe-relativeexcess
demand of 502@nd is given by-at ratio dfie current demaneblative-toandhe
optimalphysical ‘tag of 11, 720.

5.3 SMPRDFrices-anrddbemand andi/alue oftfimeithcome-Blasticities

The SMPRT algorithm is designed so that the unifapplication of the market
clearing price P(X) to all bidders will reduce excess demand frofrtoXX". Thus,
starting at zero clearing price at current demasdsupply of travelslots are reduced,
the price increases along the inverse equilibriemahd function P(¥ till the price
of £2.90 at thé-cap™ of 11720 is obtained. At this point, AKT/hr has incred$o
18.85kms from 4.11kms. These SMPRT prices are tegan Table 6 along with the

by 6 pt

demand elasticities€ x,p , the speed elasticitie€s x .and-value-of time/income /’{F““‘med’ Font: Arial, 8 pt, Lowered }

<v7x -with the former defined in a similar way as-inresiively-defined-in-equations o { Formatted:

by 6 pt

Font: Arial, 8 pt, Lowered }

9). (3)and{15)-These are evaluated at poisté < X'< X° with demand and
prices modelled as changing incrementally. Thys= 0.71 will be taken to be the
demand elasticity at theptimatcap X = 11718 when demand is reduced from
12555. —If demand is reduced tae-othepoints X from X° at zero price, the
relevant data is given in brackets in Table&s seen in Table 6, the demand

by 6 pt
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-Prices and elasticities of SMPRT model for différ@@U volumes. (Note€ y, p and ~( Formatted: Font: Bold )

€97 takes negative valuesFhe-asterisk-values-have-beeninterpolated

Elasticity

. oof
i H Elasticity hy
beU C}g';e}rclgg gg?rf:nlc? Change Shif:ﬂ@le, | OFAKT |- q%eggn 777777777777 - - - { Formatted: German (Germany) ]
x | AT swerT | g nprice | axrpq | OPCY | prrice
model AX% AAKT% | £ SIX- |- 53(7 e - { FI:;)rmatted: Font: 8 pt, Lowered by 6 J
A0 N

— ‘[ Formatted: German (Germany) ]

0071 | 09510 | 0.128 | 1.81 | 0.751

11718 | 18.85 | £290 | (ux | ooy | ©.78) | (182) | (0.49)

12555 | 00e* | 011 | 0.148 | 2.40¢ | 057
e | 1642 £261% 1 o | (100) | (0.75) | 221) | 0.34)
013 | 034 | 071 | 299 | 036

13302 | 1399 | 2232 | 023 | ooy | 091 | ey | 09
011 | 100 | 053 | 477 | o1l

15066 | 8.76 | £1.52 1 011y | @o0) | (053) | (4.77) | (0.12)

16740 | 4.11 £0.00 - - - - -
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MghepspeedsTable 7reportsthepro ratada|lv and hourlv income of the dlfferent

marginal bidders who clear the market at the reasmePCU volumes.This then
determines-hevthe value of timgVOT, for these marginal drivers as-increases with
travel timeincreasesvith a reduction in speethused by congestion. This is to be

compared withvOT ,viz. the average value of time of the infra margofréaver with

Wdefined inequation (16)_Note VOT for all the infra marginal users is greater

than VOT WhICh applles to the marqmal useaalae—shem&—he\wreueleanﬂg—pnee is

avel

A - ‘[Formatted: Font: Bold

Tablev7, . | = {Formatted: Font: Bold

:Valueof time (VOT) of marginal userprivateunit costof travel andvVOT ,Average value
of time of infra marginal users

-anpdoress banefitfiravel budget.
yd V" vOT
N Average Average aAverage of
Y MNOT | daily | _hourlyincome | Infamarginal | 4. __ {Formatted: German (Germany)
PCU yy¢ Hourly income of ¥‘\)1/AKT(X) income | infra marginal | YS€" S
Daily #income of marginal user  Dist infra users h JAKT(X {Formatted Table
Mmarginal marginal y —(J_
user user Eq (16) x Dist
o Ea(16) | - {Formatted: Font: Not Italic
1 2 3 4 5 6 7
B B Gross
bBenefit
yd
11718 £62.44 £7.80 £0.75 | £10309| g1pg7 | EL23£4:12
12555 £59.1% £7.39 £0.83 £100.14 £12.51 £1.37£3.91*
13392 £55.95 £6.99 £0.90 £97.84 £12.23 £1.57£3:69
15066 £49.63 £6.20 £1.27 £93.22 £11.65 £2.39£3.28
16740 £42.00 £5.25 £2.30 £88.47 £11.05 £4.84£2.77

(Note : The values are mterpolated VOC is £Q thé pro rata hourlv income is
obtained by dividing the daily rate by 8 workinguing).
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In Table 8 wefirst note that the SMPRT willingness to pay apgtofor the
given volume of traffic and speed vields the madtearing price as the marginal

gross benefihetthe private cost of travel of the marginal usdug, the SMPRT

prices are obtained from the data in columns 34a0fiTable 8. The row that has

been highlighted shows that social optimum voluriherivers,***X* = 12136. Here

the MSC = MGB at approximately £4.00. As per emuaf18), we have the SMPRT

P(X) is equal to the congestion externality cost 8f#5. -how-the-market-clearing

pricerelates-to-the-marginal-social-cost from-@stign--At the cap, X= 11718, we
see that the price of £2.8@ynals the willingness to pay by the marginal 18,7

highest net value commuters. At this cap leved,ghice of £2.90s greater than the

congestion externality cost of £2.24 given in catufnof Table 8-marginat-secial

cost - However—atapproximatelyx=12,555 Indee

Indeedhe-price-eguals-marginal
social-costatabout £2.6 However-asnoted-beforeataprice-of £216ére isno

scope for the inclusion of costs from environmegtdérnalitiesof about £0.66 (ie.

£2.90- £2.24) and maintain demand at 11,718. ,Noete———This-is-alse-shown

n-Figurel2has been calibrated in-tarms ofthe data given in Table 8. The power

of the method lies in the fact that the inverse aednfunction in Figure 2 has been

obtained from the equilibrium market clearing prigaction (the dotted curve)
obtained from the SMPRT simulator shown in Figur&@and-E-with-thelatter

Table8

_ - { Formatted: Font: Bold

Social optimum an&MPRT Price compared marginal-socialcostand-GCBngestion

chargewith homogeneous VOT (GCF) and with heterogen&Ds -

o A A L 0 )

Marginal Marginal Congestion CSMPRT
PCU Social ) sSocial cCost cEharge econgestion
X Clearing | gGross Private cost: | hHeterogeneous | gGeneralized cCharge
pPrice | bBenefit YOC+VOT cCase cCost hHeterogeneous
SMPRT o MSC’= function cCase
miodel | amyy® | (VOTQvenin | pprivateccost+ | aApproach | E(X) == - - | Formatted: German (Germany)
LER I_Tab'i 7 e | EX (GCH | vorvOT I
column 4 plus ),ch(c‘:— — _ | Formatted: German (German
1 2 Evrx VOC=£0.47) |- S/X £ - { - ( L2
= = e Il P { Field Code Changed
4 x| 6 | Ea0.(6) [ Field Code Changed
3 Equation; (1348) | ____ 7T Formatted: German (Germany)
- ‘[ Formatted: German (Germany)
{ Formatted: German (Germany)
11718 | £2.90 | £4.12£1 £1.99 £3.462.836202 |  £2.04 PRk ———————
07 Bl (£2.01) (£0.79) :
699
*
12136* | £2.76* | £4.00* £1.26 £4.02¢ £2.67* £2.76*
12555% £2.61* £3.91£0- £1.30 £4.584.08£2.63 £3.30 £3.28£1.33
70 £2.9% x (£1.22)
{£6:49) (£2:54)
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13392 | £2.32 | £3.69£0. £137 £6.065.49£3.25 |  £4.56 £4.69£1.88
(£0-:0L
£152 | £3.285
15066 1.26 175 £13.1512.0766. | £11.62 £11.40£4.32
(£6.07)
16740 | £0.00 | £2.77 £2.77

Note: The asterlsk * denotes that this row has hmztempolated

Finally, we will compare the estimates for congastxternality cost using
equatiors (145)_and (16}in the heterogeneous VOT case and variants irtdrature
based on theGeneralizedtcCostfFunction (GCF) approachWe willk-shall assume
the homogeneous value of time VOT for road usetkénNorth East is 2/3 of the
VOT of £17.76/hr, recently used for London and $tmeith East (Santos and Shaffer,
2005).-Using equation (7) multiplied by the average tdpdth of 1.8 kms, thigields
yields the figures given in column 6 in Tabl&*8Absenting knowledge of price
demand elasticities and the inverse demand funédiothe traffic system, which is
not integral to the GCF approach, it is not clehiol volume of X is the appropriate
one at which the congestion charge will secure agehagproximately consistent with

the GCF charge—%%gwe#m%he—seeen%astmelul&bte—fgn—&eleapthat
gGiven the demand elasticitiestimated herghe GCF congestion charge will be a
blunt instrument being either too high at £3.3@oarlow at £2.04 to fine tune
demand to elther 1118 or 12555 4ﬂ—the4ast—eelumn—et—'FabI&—We—see—that—the

he
eteanng—agent—ts—substanhaﬂy—smaﬂeﬁha#m@@ﬁease— At the somal optimum
of X*=12136, the GCF externality cost at £2.6About 10 pence less than the one
calculated by the SMPRT model.

5.4 Winners andl-osersaAcrosssScio-eEconomicgGroupsfFrom rRoad user
cCharging

From the bid submission process and the winnermétation algorithm of
SMPRT, Panel (i) in Figure 9 below reports the petage of total commuters that
belong to the different socio-economic groupEhe largest group of commuters
belong to the semi-routine group (36%) followed by thenagerial group (21%),
professionals (17%)administrators (14%), sales and routine at 7% aad finally

% For example £2.04 at PCU volume 1718 we have:
2

— £1776 £1182
GCFCongestiorCharge(X) = 3753)( Dist=————181x18= £204.
AKT(X) 1885
2 For example £2.04 at PCU volume of
E £1776

£1182

GCFCongestiorCharge(X) = 3 Dist= c 181x1.8= £204.

—_—€&
AKT(X) 9%
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has been reduced by 1020% and 30%, respectively, from existing demaittbw

the rise in the market clearing price affects tifieknt socio-economic groups is
given as the new percentage of commuters from sacib-economic group relative
to the original demand. Thus, using Tab@9, with a reduced supply of travel slots at
15,066, total numbers of commuters belonging to timeigeutine groups has fallen

to 5590 and this constitutes about 34% of the origmathber of road usersThus,
distributional impact of road pricing can be asedsa an integrated way using the

bid based approach to road pricing.

Table209
Absolute numbers of “winners” in socio-economicups

given prices at each PCU volume

PCU 11718 13392 15066 16740
Managers 3050 3280 3380 3500
Professionals 1950 2030 2120 2160
Semi-routine 4430 5000 5590 5990
Administrative 1060 1490 1920 2400
Personal service 130 150 230 300
Sales 530 750 980 1200
Routine 560 680 840 1150

GivenPrices-atEach-PCU-Velume

PCU CaP = 16740 PCU CAP = 15066

3%

6%

2%

7z 7% 7 .

2 I I I
. - " - 5 s, 2%
2% 13 e 4% Z = 20 12% ux 12% 1% i 5%

Managers  Professionals  Semioutine  Administrative Personal service Sales FRouting N N .
Managers  Professionals  Semi-outine  Administrative Personal service  Sales Routing

(i) (ii)
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PCU CAP = 13332
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PCUCAP = 11718
36%

14%
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2%
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Figureure 9z
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| 6. Concluding rRemarks and fFuture w\ork

‘ The-SMPRT project has delivered an integrategkent based methodology
based on thé-cap™- and trade approach for the pricing and controlezfative
externalities to determine peak time congestiomgihg in a cordon area of a road
| network system:The demonstrated principles and steps in its impieation can be
followed in any road transport congestion pricimglgem where congestion hot-spots
in the road system have been identifidthe methodology for determining the
““cap™ in a cordon area of the road netwahough computationally intensive and
based on a micresimulative transport model of fine granularitywighin the scope
of state of the art transport micro simulaterfie“~cap™- is the point at which the so
called total output functiorof road travel, which is total distance travelladhe
cordon area by all carfor the fixed time slice, falls with incrementatieases in
volumes of traffic. This is a point at which theffic efficiency and-etasocial
welfare gains from travel begin to diminish rapidijhe electronic Dutchwuction
auctionheterogeneous bid submission proceased on the actual distribution of
income andhe socio-economic characteristics of road users wdnetse the cordon
area-has obvious advantages over extant generalizedwodton methods for
estimating congestion chargin@hese includ¢he capacity to derive the inverse
demand function for the traffic system and distter capabilitiesf-for probing the
system for demand elasticitjesspecially for the different socio-economic classe
Further, our approach clearly indicates that aitrary increase in road user charging
beyond the-cap™- implied price only contributes to the coffers lo&tmonopoly
provider and cannot be justified in termsagdifaregainsin traffic efficiencyto
society The transparency of the SMPRT algorithm showtwide a bulwark against
over-pricing.
| The simulation of the willingness to pdased on thpro ratadaily income
distribution across the heterogeneous groups af ugars and which is calibrated to
satisfy the revealed preference in the currenaidn of zero price and hence zero
willingness to payprovides an important source of datal-aranalysisis of -the
value of travel time.This approach can be contrasted with the econorredsed
analysis of revealed preference of road usersamymamic pricing othe designated
eExpress lanes and of the stated prefereadsing from hypothetical responses to
questionnaires on road pricii@mallet. al (2005), and Brownstored. al.(2002))

The SMPRT bid only pricindike the London congestion chargan be
regressive-The SMPRT algorithm and its agent based approatldeatify who is
being priced out and can help in targeting bettdlip transport or other welfare
| measures:In a double sided auction with fully tradable pesnihose who sell the
permits receive the incomes and hence, avoidanaedfuse is not only less
regressive but also provides direct economic ingesto road users and to others
indirectly to economize on road use and use theemtmuse other transport
modalities.-The design of a system of fully tradable road ypsemits, however, is
more complex in terms @fs-property rights allocationgnd the full study of its
socio-economic consequencees isbeyond the scope of this project.

Finally, in-conelusiesit is important to report the robustness testgter
efficacy of the proposed auction protoemkeliverin deliveringhe prices and
revenues obtained under the assumption that abehtsie values.These tests have
been done and it has been found that the large esmbbiddersalone-guarantees
thatwith excess demands of 20% or mereresufficient for the marginal bids to
reflect true value-A fuller discussion of this can found in Markacste al. (2006).
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AppendixAl:

Here we show the nature of the lsichedule$f agents usga constant bid function in
terms oftheir a-histhefixed gross budgeuyd(nig ) ratherthanthe net benefit rule in
equations (10) and (11) where the increase iretitiime costs are deducted@his
implies inelastic bids given in Figure Al atishtagents do not havedifferentbid
seheduldor each PCU level and the corresponding spA&d’.

PANEL A: Bid submissions a0
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The SMPRT algorithm that determines bids from hgghe lowest obtains a
single market demand functieaind the fixed supply determines the market clearing
price at each X as shown beloWwor the same income distributiche cap price at
X=11,720 is £4.07 as compared to £2.90 in the caseofigestion sensitive bid
function.
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