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Americans take 11 billion trips annually on public transportation, a 40 percent
increase since 1998 merican Public Transportation Association 2016). The $61 billion
American public transportation industry faces an ongoing challenge of transit hub
accessibilityi how travelers get to nearby transit hubs. This challenge is also known as the
fifirst-mileo bottleneck. In the United States, many transit riders either drive their own
vehicles or take taxis or other emerging mobility services (e.g. Uber and Lyft) to nearby
transit hubs. However, uncoordinated traveling does not fully utilize the empty seats in
car. This increases traffic congestion, fuel consumption, emissions, and parking demands.
Ridesharing is an effective transportation mode to providerfiiigtaccessibility to public
transit and lowcost, environmenfriendly and sustainable mobility sece. A key issue is
to incentivize passengers for ridesharing participafidns dissertatioraddresses this
problem using Mechanism De s iadieldinTebomamicsy . fi Me

and game theory that designs economic incentives toward desates by reconciling

playersé objectives and has been applied i



This dissertation accouns for passengeés per sonalized requ
inconvenience attributes in optimizing the vehipesssenger matching and vehicle routing
as well as designing incentive prices for both scheduled andleorand firsimile
ridesharing services. The basic problem studied irdibgertations that if the @signed
incentive is able to compensdfter the inconvenience cost caused by ridesharing
considering passenger Jlsdpsertasomansiders mudtile r e g u i
incentive objectives to achieve the ultimate gofanaximizing the total sociawelfare
These incentive objective includes In) prom
the servicdi.e. individual rationality) 2) incentivizing passengers to truthfully report their
personalized information (e.g. the maximum wilktogpay price bidden for the service
and personalized requiremerain inconvenience attributggp. incentive compatibility)
and3) incentivizingthe service provider tbe financially sustainablén order to obtain
the mechanism results for largeale prblemsfor both scheduled and afemand service
| develop a novel heuristic algorithm called Solution Pooling Approach (SPA) to optimize
the vehiclepassenger matching and vehicle routing plan as well as to calculate the prices.
It is proved that SPA'is 4dbe t o sustain the properties ¢
Ai ncenti ve Basedgntheaxgeimenta rgsalts, | find that SPA is much more
efficientin solvinglarge-scale problems compared with the commercial solver (e.g. Branch
and Bound) ad traditional heuristic algorithms (e.g. hybrid simulated annealing and tabu

search) from the literature.
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CHAPTER1I NTRODUCTI ON

1. Background

Americans take 11 billion trips annual
increase since 1995 (American Public Trans
American public transportation i ndhusbt ry f

accesshowlitgvelers get to nearby transit

fif i-msdebottl eneck. Sever al studies have f
transportation is significahuby 4dKireggtsendanb
2004, Rietveld 2000) . I n the United State
vehicles or take taxis or other emerging n
transit hubs. However, wht¢gouvudi hatedtthrawea
car. This increases traffic congestion, em

Ridesharing is a potential solution to address-fostastmile transit accessibility,

and to provide lowcost, environmentriendly and sustaina® mobility serviceFur uhat a

et al . 2013, Cici exThaelr.e 2a0rled4 ,v aKruihoru se tt yale
services. Furuhat a et al . (2013) cl assi
carpool i ng/ vdingptoaormae grhi,d @ cd-réceyagami desharin
on target markets. Furuhata et al . (2013)
commuters and that user sdicatna mudt erdiudper otvh e
intercity or inter steagtue rtersi ppsa.s sTehnigse rsse rtvoi cs
in advanc¢ee Reamlamic ridesharing proevides

matching between drivers and p arsocsuetneg.e rTsh uosi
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sed on the wuser typei zeddas h arcdeaegauntda d &
rvices. For scheduled service, passenger
nutes) before they neecdpttheni ger ¢t ihee .maThc
uting pdleatneramidneprtehbepsecesckeef sde@emapnmdach
rvi ce, passengers send spontaneous r eque
eds to optimize the matching and routing
at vehicl es «c aen pbaes sdei nsgpeartsc hweid htion sae rvve r y

n also be categorized as targeted and un

e service for specific type of passenger

ki ng teasrhgaertiendg rsiedr vi ce wuswually have the
ansit hubs, etc.). Untargeted ridesharin
request. Passengers taking wuntargeted

st isnathinssn di,s sver tf atciusn edne nmsacnhde, d tlalnedd ,mi oxre d
d-de maneniflier gti desharing to the transit ht

The prior |iterature has r-mmtbgniizéddshhe

ith public transportation. For example, S

chnology and public policy continue to e
ansit and future automated vehicles. Mé
plication wit-lmatacmhiimog oavliagtoirviet hrmm daes a dec
ggest-rsi dtersahnasriet connectiostud®dyi glhioowedt t la
tegration of a ridesharing systemnmanared a
bility and increase the use of pnuobdalc tr

hicle dispatching and r etutmen go paelrgaotriintgh np
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ga
Th

S

3

esharing (feeder) services i g @adrddin:
nsportation networks. I n additi-mnlether
esharing -isretrevn sciev e nmdRrcampaNta m@lne ,arkeaase d
icab data (New York City Thrre ®ebLemdus!
i trips to the Pennsylvania Station in
veled to this station every day. Among

y one passenger -pabsbsrentgrei.p sA moanpgp rtdixeisma tc
. 95%) taxi trips are within the same pi
utes. These trips might potentially be

r i dReisdheasrhianrgi.ng eimemtgewawst anbetitferc coor

er to r-midlues tvee htihcd etransit hub. Al so,
r and Lyft) have already added public
ml ess tr anshfarrisndg rtoom tthheeipru brliide st rransi t
al journeys (Shelton 2016, Smartrail wo
eles, and other metropolitan citi-es aro
al-miflig sti dgsbarvice i nspi steos iunsc & ot idwisz 6

sengers for ridesharing participation.

Met hodol ogy

Mechanism design theory (Hurwicz and Re

me theory t hame ohanigsnnss eocro nionnciecnt i ves t o

e

ridesharing mechanism design consists

personalized mobility informatiord); 2) Transportation modeling functiod), and 3)
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Incentive functiont) (Fi g LX) eetPid e n o titér eechieest, whi ch may
mul tipl e p ardosneatiogad eash reqilielsd§ includes the location;f, the

public transit to takel§L;, a deadline of arriving at the transit hub imposed by the public

transit schedule), nemconvenience valugslV; (the maximum willingto-pay price for

direct transport without inconvenience), inconvenience disvéldqredued maximum
willing-to-pay prices due to detir, extra waiting time, etc.We say a decision rule

(passenger matching and vehicle routing) is efficientif the social welfare is maximized

(Par k es @ Theadcial weXabelot firanile ridesharing s passenger sodé ¢
values and the s@avikes pt oAa lipdaesPsOednlgvedil uwee q u €
is represented by her maximumwillmgp ay price. The service ptr
defined as the transportation costthat neebls tovered. LeX=d(d) representan optimal
vehiclepassenger matching and routing obtained by the efficient decisioX rudegmax
a,.V.-TC,whereTCi s the service providerods transp
the incentive function. Lgt; = t;(X, d) denote the function of incentives provided to a

specific passengerrequest. In practice, the incentive typically takes the form of customized
pricing discountin addition, other types of incentives (e.qg., free trips, bonus points, and
credits) can also be used to promote ridesharing. In this researchptimairily focus

on pricing as the main form of incentive functiondue to its ease of inlgmentation. In

the future | will consider other nofmonetary incentives.



Passengerg Output
Reported Mechanism X=d
Information __(d)>
dy — ) Py =t (X, d)
EE— Decisiond (vehiclepassenger |f——»
d »|| matching and vehicle routing plap) P2 =t(X, d)
Incentive functior;
d, (e.g. customized pricing) P, = t(X, d)
EE—— —

Fi gatRi desharing Mechanism Design |

The proposeddissertation consists of two basic layerswhich are the
transportation network modeling layer (layer 1) and théncentive design layer(layer
2). The incentive design layer interacts with transportation network modelm(X, d);
t hus, p® riisc ed dy theroptimizatiath resulid=d(d), wheredi s passenger
reported information regarding their individual mobility preferences and needs. The
i nteraction between the two | ayers elicits
if a passenger increases the service requirement (e.qg., less)déte system will adjust
the matching and routing plan so that she will have higluaity service with a higher
price, and vice versa.

Layer 1- Transportation Network Modeling

The transportation network modeling layer is implemented to solv¥ ¢nele
Routing Problemwith Time Constraints (VRPTC) based on the inputinformation, such
as passenger locations, requested times, the kind of public transit hub and schedule,
maximum willingto-pay price for direct transport, maximum tolerable detours abd e

waiting time, vehicle locations, etc.
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LletPdenote the | ocati oVirse porfe speansts @ rhgae rs erte

vehicle | dldahbporst hanbdocat iPoVvn EVEPNRIT ansPt h
UH. L (ki V,iiPV,jiPT) a¥dkiV,iiP) represent deci si
| f vé&hiavels fitcom |lopcefatiioamt h &r=@.i skef k ehi cl

picks up passebgdr (ost)h &mRir eMgueensat e t he col |

of al | deci si on v ar i-paabsl seesa, gy erhei pnr ge saenndt ivnegh iac
pl &mr transportation network modeling, the
social welfare, which is the summation of

cost that the semafid)ed pV&V-TAX)sr whigpe s s

PassenigserMaslTWY ansd the service providerds

matching anX¥ Tt icrogqpsplraan nts i nclude:
1) Vehicle capacity, in which the numbe
i ts cadaxnptforalkiv , whpeire the number of p

]

equeend@ki s Vv &bhsi cclagpaci ty.
2) Passengtehedeaagllcdneguti ng pltadmatshhel
vehicle can arrive at the transit hub befo

the transit departure time (for example, a

—+

icket BAuyy Bhage)dYpt ¢RT, f iV, alwii¢g sethe trav

ti me fr oim ol olcopataifinen pi ckup ti me €ERdlids Pakesen

]

emaining time to the deadline
3) Vehicle flow constraints: one passen

and other cofnilsawaandst sslwdhu bhd bteo ubralsahnoaud d,



eliminated, etc.

Layer 27 Incentive Design

In achieving alower cost, loAgrm sustainable, and valuable firstle ridesharing
service, a special emphasis of my framework in achiegartain objectivess on (i)
promoting shared trips, (ii) incentivizing truthfully reported information, ifigentivizing
the service provider to be financially sustainalbleentive design is used to promote
cooperative behavior between passengers and the ridesharing service.

Incentive 1: Promoting shared trips. The designed pricing scheme provides

incentivego promote the cooperation of passengers to share trips. The incentive (e.g. price

di scount) should be able to compensate for
(e.g. detour and extra waiting time) caused by ridesharing. This induces thetypobper
fiindividual rationality 0T passenger soé6 prices should not b
willing-to-pay pricesig = Vi pg OO0, wherely is Passenger(gld s -negative utility

(defined as the difference between the maximum witmgay price andhe actual paid

price, Kamar and Horvitz 2009Vy is Passenger(§0 s v al ue ( mdopaymu m wi
price), andog is the actual price.

Incentive 2: Incentivizing to truthfully report information . Passengers may

manipulate the system to maximize their utility by misreporting their mobility preference
information on purpose. For example, misreporting a low maximum wilbrgay price

on purpose in order to have a low price will impair the optimaratif the matching and
routing plan and t h &hedesigned nteeharmsmwaiizentdizer 6 s b e
the truthful solicitatono f passenger i nfor mati éancentveThi s i

compatibility 6 T where truthfully reporting the pessalized mobility preference is
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passengerso6 optimal strategy. | give an ex
Passenger(g); if the price is given by =g(Xg") T (f(X) T Vy(X")), and then Passenger(s)

g6 s u tdefinedtagdy=Vy6X") T py=f(X) T 9(Xs"), whereX" is the optimal solution

of the efficient decisionX’ = d(d), when the social welfare is maximized) in the
transportation network modeling layer &@dlis an objectivéunction of the decision rule,

X4 is the optimal solution of a model (denoted as maddg)l that is independent of
Passenger(g0 s r e pg6)rsthe obgative function of the model. This can ensure that

the mechanism is incentive compatible. Regardless of what Passeggep@its g(Xy")

remains constant, becaugéXy.”) is independent of Passenger@) s report. | f
misreports hernformation X" may no longer be efficient, indicating that the social welfare

f(X") will suffer from a decrease caused by her misreporting. Thus, her Uktyf(X) T

gXs) will decrease as well. Therefore, trut
Other properties can also be considered when designing the ivipdEts example, if the
conditiong(X,*) f(&) is always satisfied, the mechanism is also individational for

all passengers.

Incentive 3: Incentivizing the service provider to be financially sustainable

The designed mechanism needs to incentivize the service provider to continually provide
the service without a financial deficit. The collectedtcpsifrom passengers should be able

to cover the service providerso transportze

driver labor cost, etc. Mathematically, the conditi@gi Py - TC( X;) 20 should be

satisfied.



13 Conttemlisssoefrt ati on

The remaining content of thtBssertations summarized as follows

Chapter 2This chapter reviews related work on mechanism design for ridesharing.
Based on the reviewed references, | identify the knowledge gaps and cetbéintended
contributions othis dissertation

Chapter 3This chapter designs a mechanism for the-firé¢ ridesharing service.
The mechanism accounts f or passenger soé
inconvenience attributes (e.g. the numbgco-riders, extra irvehicle travel time, and
extra waiting time in the transit hub) of the service in determining the optimal vehicle
passenger matching and vehiclerouting plan and customized pricing scheme. The proposed
mechanism is proved to be indiwval rational, incentive compatible, and price non
negative. The three properties respectively indicate that passengers are willing to
participate in the service, that honestly reporting personalized requirements is the optimal
strategy, and thatthe sére provider is guaranteed to receive revenue from the participants.
A case study is proposed to interpret the mechanism and to demonstrate the generality of
the personalizedequiremenbased mechanism that can be adapted into different scenarios.

Chapter4. In order to address the computational challenge of obtaining the
mechanism for largscale transportation networkis chaptedevelops a novel heuristic
algorithm, called the Solution Pooling Approach (SPA) for efficiently solving taogde
mechaimsm design problems in the firgtile ridesharing contexthis chaptealso extends
the SPA to solve generalized mechanismdesign problems, analyzes specific circumstances
under which SPA can sustain the gambeor et i c properties, i

raa i onalityo and fiincentive compatibilityo,
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application in the firsmile ridesharingSPA mai ntains the proper
rationalitydo and fAincentive compecausedti | i t y
simultaneously solves vehicfgassenger matching and vehicle routing problem and
calculates the prices for all individuals. Numerical experimental results show that SPA can
address the complex firstile ridesharing service mechanism design peobin a
computationally viable and efficient manner.

Chapter 5This chapter studies the mechanismdesign problem fdeomand first
mile ridesharing and pr opos e sPreferemaases | me C |
Mechanism with B a s(MIPMBRCG), wRichiadapts tReotraditionall o
Vickrey-ClarkeGroves (VCG) mechanism and incorporates a baseline price control
component. MPMBPC is proved to satisfy several important mechanism design properties,
including fAindividualpartathiidmalyiot ydGprfiicrec €n
Afdetour discounting reasonabil it yorposel n <c o1
VCG mechani sm, MPMBPC can avoid unreasona
deficits. A computationally efficient heuristitggarithm called Solution Pooling Approach
(SPA) is developed to solve largeale ridesharing mechanism design problems.
Numerical examples are developed to demonstrate that SPA can solvsdalkge
ridesharing mechanism design problems in a computalyoeé#ficient way, with
satisfactory solution qualities.

Chapter 6This chaptedraws theonclusion®fthe dissertation aridtroduces the

potential future work.
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CHAPTER2L | TERATRERH EW

21 Ex iWotrikng

Much prior work has focuspas®andgdare mgttd
and vehicle routing for ridesharing servic
i nteger programming, L@a@matnigc ame cwroil satmnc galn
swarm optimization) were developed for the
for scheduBealdd secaivi€telsall. et 280 4an@00Hen, 2
Armant and Brown, 20 1240;1 7Hu a2n0gl 8e;t Cahlo.u, e2t0 1at
2018; Jiau et al.,a@dilt8i;om,o uo wtti milzagt i2dmn 80!
services has al soAdbatemn ettt vali.ed ZGMG s eWaln/g e t
al ., 2011 01BundietfrFedlbrMars2zn uaedt aanld. ,\J az k3 ;i s hi
Bian and) Lusomp®Dfn&g zati on algorithms (e. g.,
horizon strategy) to dynamically adjust th
on uddamntor mati on.

While the transportation community has
modeling of ridesharing, economists have f
for promotion of passengerso®é and/or driver
t he tlurtee,r as u edle nealsnads a P e yme c¢c h srmias ma,g fmeeicrh acno
optimization mechadneinsabmad, apte. médbbhasupm)] ywh
used in taxi service (Yang et al., 2002; =
2017))ystasl the price to balance the supply
al. (2015), Fang et al. (2016), Liu and Li

to adapt into ridesharing service.caVhiemn c
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i ncr easead atnoc er ¢ he demand and supply, and

such as Uber and Lyft, use this pricing

f

under supplied | ocati onssh g rHiand med cadd noicsaid efiat

costs among participants based on differen

and waiting time (Lu, 2014; Bistaffa et

al

2016; Wang et al .;BiarrafdLi8, 218G h e ©pea t malz.a,t i200n1 8n

optimize passengerso6 prices and matching

certain objectives, such as maximizing t

h e

cost, and maximizingagde( Glmearmad estaveaeld. traw]

2017a,b; Santos and Xavier, 2015; Qian e

t

di fferent passengerso6 valuations of the se

in t-demand scenatioesestshat |y all passengce

short ti me.

The auctiorbased mechanisms, which are more related to the scope of this
dissertaton ai m to maxi mi ze the societyds ove
ridersd cumulnaiutsi vteh ev asleurevsi cnre provider o0s
incentivizing participants to truthfully report their valuations (e.g. maximum wilioag
pay price) of the service. The VCG mechanism is one widely used mechanism of this type
(Vickrey, 1961; Carke, 1971, Groves, 1973). Several researchers developeebd&sd
mechanisms for scheduled ridesharing service, in which riders book the service in advance.
For example, Zhao et al. (2014) developed an incentive mechanism for scheduled
ridesharing servicwith a deficit control. Zhao et al. (2015) considered the uncertainty,

whether passengers would undertake the trip after sendingrequests, in their mechanism for

ra

t o
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ridesharing organization. Nguyen (2013) and Cheng et al. (2014) proposed multiple
auctionbasd mechanisms for the lastile ridesharing service. Zheng et al. (2019)
proposed a greedy and a ranking approach to the order dispatch and pricing strategies to
achieve their individual rational and truthful auctibased mechanism. Hsieh et al. (2019)
proposed a drivepassenger double side auction mechanism for carpooling systems and
developed a particle swarm optimization algorithm to solve the problem. Adlctisad
mechanisms for cdemand (dynamic) ridesharing have also been studied by several
reseachers. For example, Kleiner et al. (2011) proposed a parallel atudiged
mechanism for reaime ridesharing service, but the mechanism is limited to a single
passenger assignment per vehicle. Kamar and Horvitz (2009) determined the local VCG
payments mmong the agents that share the same vehicle instead of all agents requesting the
service. Luo (2019) proposed a tstage approach to ridesharing assignment and auction
in a crowdsourcing collaborative transportation platform. The audtased mechanisms
proposed by Zhang et al. (2017 and 2018) are truthful, budget balanced (i.e. the payment
offsets the cost), computationally efficient, and individual rational (passengers are willing
to participate in the service and pay the prices). Asghari et al. (20bAsghari and
Shahabi (2017) developed drivieidding auctiorbased mechanisms for reahe
ridesharingKaramanis et al. (2019) developed a passedgeer doubleside auction
mechanism to dynamically determine the assignment and pricing plan ofl sitke® in
ride-sourcingZhang et al. (2016), Masoud and Lloistlle (2016), LloretBatlle et al.

(2017), and Masoud et al. (2017b) developed mechanisms fottg@peer dynamic

ridesharing to promote ridership and user permanence. Shen et al. (20&®pdé an
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online mechanism for ridesharing in autonomous mobditydemand systems. Ma et al.
(2018) proposed a spattemporal pricing mechanism for dynamic ridesharing platforms.

All existing work is summarized ifable2.1.

TabldlExi sting Wor k

Mechanisms References

Optimization of vehicle| Baldacci et al., 2004; Calvo af., 2004; Yan and Chel
passenger matching af 2011; Armant and Brown, 2014; Huang et al., 2015, 2
vehicle routing 2018; Chou et al., 2016; Fan et al., 2018; Jiau et al., 2
Hou et al., 2018; Ma, 2017; Agatz etal., 2011; Wang €|
2017; Ghoseirietal., 2011; Jung et al., 2016; &blsraro ef
al., 2013; Masoud and Jayakrishnan, 201;/ign and Liu,

2017

Supply-demandbalance| Witt et al., 2015; Banerjee et al., 2015; Fang et al., 2016

mechanisms and Li, 2017
Fair costsharing Lu, 2014; Bistaffa et al., 201&o0palakrishnan et al., 201
mechanism Li et al., 2016; Wang et al., 2018; Chen et al., 2@i&n

and Liu, 2018a

Pricing optimization Chenget al., 2012; Biswas et al., 2017a; Santos and X

mechanisms 2015; Qian etal., 2017
Auction-based Zhao efal., 2014; Zhao et al., 2015; Nguyen, 2013; Cher
mechanisms al., 2014; Hsieh et al., 2018; Kleiner et al., 2011; Kamar

Horvitz, 2009; Zhang et al., 2017; Zhang et al., 2(
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Asghari et al., 2016; Asghari and Shahabi, 2017; Zhaj
al., 2016; Masoud and LlorBatlle, 2016; LioretBatlle et
al., 2017; Masoud et al., 2017b; Shen etal., 2016; Ma ¢

2018

22Knowl edge gaps

To our knowledge, very little prior research addressed the incentive mechanism
design for firstmile ridesharing with respect to publiransit accessibility. Firghile
ridesharing has four characteristics. 1) All passengers have the same destination (i.e., the
transit hub); 2) Passengers may have a strict deadline for arriving at the transit hub; 3)
Passengers can schedule the finde ridesharing service in advance if they know their
transit schedules (particularly for commuters);

Very | imited prior research accounted f
on inconvenience factors (edgtou) caused by ridesharing in optimizing the vehicle
passenger matching and vehicle routing plan as well as designing customized incentive
pice simultaneously. The interactive r1ela
requirements, optimization of matching and routing plan, and incentive pricing scheme has
not been well studied in the literatute.summary, the problem if the designed inaent
is able to offset the inconvenience caused by ridesharing is rarely considered in the
literature.

Existing research developed algorithms to solve sswle or simplified
mechanism design to circumvent the computational complexity. Very little rdskbasc

addressed largscale complex dynamic ridesharing mechanism design problems with
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solution algorithms that is computationally efficient and can simultaneously satisfy
importantabovene nt i oned mechani sm design pandpert:i

Aincentive compatibilityo).

23 | nt @nmdterdi but i ons

Based on the identified knowledge gaptsis dissertatiorbrings the following
contributions.

fThis dissertatom s f i r st t o a cpemsonalized réqoiremeptssfd s e n g ¢
inconvenience atbutes in optimizing the vehiclpassenger matching and vehicle routing
as well as designing incentive prices for both scheduled andleorand irst-mile
ridesharing services.

1 This dissertatiomonsiders multiple incentive objectives to achieve the utema
goal of maximizing the total sociavelfare inthis dissertationwhich is defined as the
passengerso6 cumul ati wea owadaldee 69i nusheseper sea
incentive objective includes 1) atedhmot i ng
service, 2)ncentivizing passengers to truthfully report their personalized information (e.g.
the maximum willingto-pay price bidden for the service gmersonalized requiremerdn
inconvenience attributgs3) incentivizngthe service provideto be financial sustainable

fin order to obtain the mechanism restitis largescale problems, | develop a
novel heuristic algorithm called Solution Pooling Approach (SPA) to optimize the vehicle
passenger matching and vehicle routing plan as well aaltwlate the pricefor both
scheduled and edemand servicdt is proved that SPA is able to sustain the properties of

Aindividual rationalityo and Aincentive co
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CHAPTER3SMECHANI SM DESSGNEPORED-FI RST

MI LE RI DESHARI NG

31l ntroduction

Tepropmsethani sm incl udepasane nogpetra mmhalt cvhea
vehicle routing plan and naa tccuhsitnagmitzneddy prlial
determines epehspédamebger deshiacengThe cus
pricing strategy providestpapaengeri pawiet hn
by offsetting the i nconOwenidensciey nceadu smeedc hbayn
passengerls tthoeidetpaer sonali zed r egcualrleende nt
Ainconvenience VYabtokrsotrdvyelkxtirmei ff or ex
ot her passengersr)i,der)s tshhea rmniumgb etrh eo fv echoi c | e,
i n tht hulandue to poPgielvli ef alrditepnd dpeers tv ad |
Akiva and Lermanr®ee®8@tnh &treetnt aveel €189 choic
mode is not only i nfl ueficrecdo owa tpirei ncbea dbeust.
met hodol ogy can be adapted to accoluhret for

proposed mechanism can promote passengers

property, Aindividual rationalityo,t-avhi ch
pay prices will never be exceeded by the a:
may misreport their personalized requireme
mechanism cannot prevent this. Thesanobhbéec
i mportant property, namely fAincentive comp
the requirement i s each passengerodéds optim

property can prevent passengzad rfaagun rneinser



18
Moreover, tmhegmrtiive is ndmat the service p
passekhigrealsly, a case study is proposed to i
the effectiveness of the proposed mechanis
Thichaptsersteadicda fiodéowisf y Wnowl edge gaj
needs 132 .SelTchteinoon we i ntroduce 0083l deSe ghiean
34,a coatsedprapotesad et ppeccttenti alofappl ipaatpiosre

mechamoncl udi ng remaiiSik3d.tame made

32Know!| Gagaenlsht enCoendt r i but i ons

To our knowledge, very little prior research addressed the incentive mechanism
design for firstmile ridesharing with respect to public tranaitcessibility. Firsmile
ridesharing has four characteristics. 1) All passengers have the same destination (i.e., the
transit hub); 2) Passengers may have a strict deadline for arriving at the transit hub; 3)
Passengers can schedule the finde rideshaing service in advance if they know their
transit schedules (particularly for commuters); 4) In addition to the number of shared riders
and extra iavehicle travel time, the firghile ridesharing imposes passengers another
potential inconvenience factaxtra waiting time at the transit hub due to early arrival, if
passengers served by the same vehicle have different arrival deadlines.

Very | imited prior research accounted f
on inconvenience factors (e.g. extraviehicle travel time, number of shared riders, and
additional waiting time) caused by ridesharing in optimizing the velpaksenger
matching and vehicle routing plan as well as designing customized incentive price

simultaneously. Theinteractive relattns p among passengerso pers
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optimization of matching and routing plan, and incentive pricing scheme has not been well
studied in the literature.

This chaptemtends to make the following contributions.

1 This chapteidentifies some peintial inconvenience factors of scheduled
first-mile ridesharing service, including the number of shared riders, extrahicle
travel time due to detour, and extra waiting time at the transit hub due to early arrival.

1 We present the first work to desigam incentive mechanism based on
passengerso personalized requirements 0
simultaneously optimizing the vehiemssenger matching and vehicle routing plan
and designing a corresponding customized pricing schemiéigAse 3.1 shows, this
designed mechanism accounts for the int
personalized requirements, optimization of matching aatimg plan, and incentive
pricing scheme. Passengersod personali zec
inconvenience factors in optimizing the matching and routing plan. Customized
incentive pricing scheme, which is determined by the matching and gopkam,
promotes passengerso participation by off

of their personalized requirements.

fThe incentive mechanism is proved to
rationalityo and fi ncaesthat thkeanechanmpiadbleoi | i t
promote rational passengerso6 participati

from manipulating the algorithm.
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Passengers’
personalized
requirements

Vehicle-
Customized | Determine passenger
incentive pricing | matching and
vehicle routing

Fi gBtlenhenrent Mechansim

33Mec ha e siivprd e |

This section introduces a ridesharing I
personalized regBdBrémemtsodBuelesedctdidotpr obl
analyzes passengerso value eamrd BRteid3l ict mrwthie
the objective of the proposed33ne& hiamt rsaond wc

how the mechani@&8&d5i sgiovwasaitnheed pr.oof s of t he

33.1 PrSodtl emme nt

Passengers c afni -msd lee siuidde e ntgniec ead Wh hc e .

passengers have the same destination (i.e.
(e.g. trains). The service provider, which
provider col | absoirtataignegn cwi,t hh ash es utfrfainci ent

provide-mthe &ccessl bhbdividuakerpaseseengers m

preferred times of arrival. Some people r
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scheduled tr awhi lde patrhaare enjmey arriving r
Thus, our mechanism all ows passengers to s
transit hub. Passengers with close arrival
drive phesengers to the transit hub bef or e
Mi ke wants to take the train with the depa
take departs at 9:10 AM. Mi ke want et o ar
specifies 8:50 AM as his arrival deadline.
earlier for breakfast and his arrival dead
the vehicle must arrive at the transit hub

We ks@gl2t® demonstrate t-mel epriraesloar ohg
The system consolidates passengerso6 reque
passenger schedulresctitthicedeafviamr, e hteil matee d s
and a range of trip fare. The time window
arrival deadlines and pewebnaliezédavedutr a
wai ting ti nheubat FRohre etxraammpsliet, suppose that &
DL, the shortest time for drityThgnthhe bat
pi ckupDLliitome I f st hi s passenger ése hmacxliemu m atvoell
andtea waiting timdVandt he etspaemrcdiitvelyh &ihe
pi ckupDLtitin@VTiil¥T. The range of the trip fare
prices as Uber does. Th-ei magriade cien ctalne arar
final price will never exceed thiststaxi pr
Figl32)e the systeeamhiprissminges tmae ching and v

and calculates the customi zedts)p rsihcoeusl.d Tbhee e



enough so that all passengers can be drive
After tshe meguerocessed, each passenger wi
serve him, the exact pickup ti me, and the

mechanism (the matching and routing plan a
di r ecptiecdk tuop passengers in a specified orde

the earl i est arrival deadl i ne.

Time to optimize matching and routing plan,
calculate the price of each request, and then notify
each passenger of the pickup time and the price

Receiving Ti
Passenger scheduled requests ,| 11me s Time horizon
RSNECSEt ettt N Qriaaptime ~~"""""""7""77" borar
questing deadli
Passenger time . eadline
request2 T T T T T T Requesting | !Q?i'cicﬁf) time ___--¥Arrival " "TmT T
: N - deadline
Passenger time ‘e T I
______________________ ) e R T SEEEEEE
request 3 Requesting Pickup time deadline
Passenger time e '|
request4 Requesting ~Rickup time - - &gﬂﬁi[e
Passenger tme ~ -
request5” T W@~ N I ~ ST Arrival
Rec%lris;tmg Pickup time deadline
Fi gB2@per ati on -Mifl & hRi dce ghlsar i ng Ser vi ¢
I n addition tockbp pbapasteiiges sdndg,r rival
passengers are all owednotbanrd & ¢ yioroemmedhiefsfre r peen

inconvéntceéddeae.s |dihnacpareweni @nnccellfdaeet oumber o
ceag i d2gxst,rwae hiincl e heyatwweed di mectdséi tpgagdidt ¢ U m
3extra waiting tdiumree taot ptohses itGroéeh seiday dhye ba rarli.v
Be-Aki va and Lerman (1988§njizaddt AaenteaveéPREé

transportation mode is influenced not onl
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attriAduteas .t he system receives the passenc
passenger matching andraetbdcbasedubdonng hel
requirements. The price is then obtained
personalized requirements. Passengers wil/
customi ZIehcek Preircseo.nal i zad sseartviiscfey ipsastsaan pea re
on the i nconveniemdd eatttdriitpbhiet ecsu sotfo nti hzee df ipr
i ncwewigzthem to par-milkepriteecesmat hegfsestvice.

I mhis ,chiatptiesr assumed tdtaitv ee aicsh tthoa smsaexnig

own u(tddfiitryed as the differeit@aybetrween atnhd

actual paild prsicpeo)ssi bl e thatrpgssermenssn
i nconvémaceéwowecs if |ying is more beneficial
pricing mechanism is that expressing the
strategy (i .e. the utility is maximized)

protpyeri sioakhedvid ocomp a hieNMyldirtseg)ya tluBrde®s(e ng er
behavioral rationality al sadéi mpdXxiemu-mhwit] i
tpay pdrhiacyeenl i kely to participateannont hére r
indi spensabhhai i dpeadt yiasfi oimat i epch passen
receinmegmaonve utility with respect to the
ultimately incentivize more travelker Mot eop
the service provider must receive payment
negatlinvegummar pr oposed mechanism needs to

properties, Aincentive compatnbmégayovi fiyo
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Based on the problem background, we wil

M(X, p),

consisvehmpalssemagerhi ng and v&bhndl alitou

passenger sd oupf omidrled prices

The following assumptions are made, in

adyv

For

Suc

1) We focus on a static case where pa
ance. The ridesharing -smahredul eda so pptlianci
example, UkerelaompdkdLyAfPtPshawhWatdad l ow p
edul ed requetshhi & o,¢ hvwgatrenul sya goep.t ilmi z e t |
cution plan for the passengers who ser
Kk . I n a dynaemrs acenhrkelypassesmreqgd r
i mization process | sopftimizleedatl dt hdee c¢
ommodat e s po.ntHonvweewesr ,d etnnaen ddsy nami ¢ s c e

sengers is beyond thé Deopxe ncsfi delmied

ear ch.

2) The travel time between two | ocatic
ure research will incorporate travel t
3) The fleet size iIs suffiseinant etgau esdr:
ance, and all passenger s wlhhoe sneunnidb ere qot
sengers in each request doesFobur exce
earch will consider fleetdebbatagege den
4) We assume that passengers wil/| not

h as the departdestlionaadtioanfti vakt demadsi

Before we detail the mat hemati ceawl |l or mu
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use a simple hypot hetei cgaoda leesxeafanrpohinet hos e x p | &
exampl e, thr eeiJpadarsectraegr@r s0,c ena mteldr ee di ffer
book the rideshatirmag ns s had ptornét a tg eotn tcoo stth ea
t i me beeatmMece nl oacsa tweochnes p & cskpuaph teiamceh | ocati on
in advance. For illustrati(@)bedawwrweaniaemce,oc
is defined ag stEgwlEul{l odeadol Tlhe Pp@yvenll i
bet ween two | ocations i s t[rrd3dNote thanthis t he
illustrative example uses Euclidean distance only for simplificationin order to demonstrate

how the mechnism is obtained. Our mechanism design model does not assume that the
travel distance between two locations should be Euclidean distarficé.er t he v enh
reaches e adhcmpealveeeqin gdre neepmisc k bpmaes ste nngee rt (0S
We 6bhoei ckuppaswe mipnualiens t(hi s &hampbtelredi nat
transliotc ahtgibcsret to be (0, O0). The arrival d
train they wil!/ cat ch uacte tthhee ttraaxnis iste rhvu kc.e
without shared riders)-mibe pravsehgmrodé. aTh
taxi sefwoi ctehieélsd i$absd i nenebseddbilTbapévmila

information bhamedebhi N@gk3iler bbsted in

Tab3le nf or mation for the Il lustratiyv

Passengers
Parameters

John Pete Alic

Location coordinates (2, (2.6, (3,

Vi

max

=545 maxt, 0 (taxi p1 7.74 8.71 9.66
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dol) ar s
Ti me of dirtge=Btd,)shipm 8.48 10.4 12. 3

Arrivals deadl i ne 13:0013:1013:00

Passeca@gaepsoirpen enal i zed requirements. |
that they can r-e@hirgal € hter amaagl muimme-ni tdlee sma x
and the maximum waiting time at thehteiansi

real requiremab3d2e are given in

Tab32fassenger sdé6 Personalized Requir

Passengers
Tol erances

John Peter Al i ce
Maxi muvne hincl e t r a

10 15 20
(minutes)
Maxi mum number 0 3 3 2
Ma x i mum waadatt itnhge -

10 15 8

humi nut es)

The problem i s mawcthornajetaiendgni mlean hand p
passenger, accounting for passengerso pers
mechanism should be able to incentivize pa
i nst eadti amigi .s eBevsecded egmegchh ani sfmo paed skdger

truthfully repiomst ¢ helilwd pireesf relgtesn coefs t he me



27

examplbeslinvsidllayed 33 4Subsecti on
33. RasseNgleblen@ t i &ni Bunrdgt i on

The valiwen,f uwmhdtch reflects pPpagyempgerced,r
used to mo d e | passengersodé participating
requirements on inconvenience attributes.

the maxilmpemywplkice minus Tlies ambsamtiergat 8 a

rati onal passengersodd objective is to maxim
and utility functiDaal8l3e we | ist the notatio
Tab3d3&otations in the Value Function al

Notat|Descriptions

I ndex of passenger requests.

[ each request. For denotatioi
represent the piassenger (s) 1in
N R Numberrofilecs with. passenger (s)
I VT Passehifgsewre(lsi cl e travel ti me.

Passehifgsere(xst ra waiting time at
WT
between the arri vRIU( stBieeb34eand {

Passen@srgpsesrsonalized require
UNRU' VT |r i dexthavae hi cl e tthhratvedx ¢ e encds t h ¢
an@T™ |and extra waiting time at t h

parameters are obtained from |

C!' CN Passenigsr (isnNconvenience <co0st
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i nconvenience cost I s metaashulree (

reduced tphsegpee i Wi tahndceogirvekea ccefa € e

X A velplaslsenger matching and ve

Passenogserv@ad)ue gained from thXx
Vi (X) Vican ail sbeibges ettlreed maxi mum pri

willing to pay.

The value gai(nseyh elny tpasnserngadre

V! t he ittrahnusb directly witNBRutDWh

max

tio,wh etpies p a s soéesn gdea 1r (esc)t & mMETE MO h t

Passenfgserutsi)l venipalssemgaer mat (
U, (X, n)
routi Xgngl apppri ce

I n the contexpasetenhhbesodsesahuehisadefin
t hlmeshe i s williinnd i n@e mway (Zoutethak20p5rzZhanretak e s e a |
2015, Kamar and Horvitz2009) Thi s subsection proposes a
that establishes the relationship betweer
i nconveni esmacse vaetithriise@sipaessenger 6s personald.
peraloinzed requir enk®pd $qnd eoomr @ shéemttddc gbeyn i e nc
att rsinbgumbeesrh aorfe de x i eraerhs cl e t havekxteméeds th
shipmeatett qemdekxttwaiart i ng t i me date tthoe e}arrd rys ia
can be any form, as UNRUhN@E NG cahecobhvepy pass
di fferent dthbpeheoaneereisesnce attribute

Kamar and Horvi tap a(s2s0eOn9g)e rpsréo ppa@ad auce  f un
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inconveeoidMenci ncorpor at ENRtUNV@G njpW B a metassenger

personalized requirements into the value f
V(X) = Vi -G (NRCX, VX, WT Xg™®, &', . o) (1)

We | ist three reasonable assumptions of

are used in the proof of the properties of

1) G'CNs a monotone i MRIrgTa NG fasmsautmeon ha
when peopl ewisthta preoopdéh @ ,t sit@y | omgtehe taenlei ol e
the trhdoingxelrame, the passengene’ edrrnetlaagsnev e n

2) We deVM jase the price charged by the tz:

this taxi directly to the ltir an Piats sheunnlg ewi tphe
i hhe ridesharing service but receives a di |
thevieadeeiat adiaservice. Tthpea ymapxriincuem iwsi lelqgiunac
price, because if the price is higher tha
participate into the ridesharThwshsNR=vi ce a

01 VFtp, afid ,0t he inconvenience cost equals

C(NR=0, IVT =t,,WT ea"", 4", &) « 2)

This assumption i s wheWwR=tIOVIndewidt and b

OO0t he service is tidersameshspmant $ervpasese
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3) It i's assumed tspabfiaxi Thhways maket .

greater than the transportation cost:

Vniﬁax>CI0 (3)
Passenger odffenerice detween thejakimuenwilling-to-pay price andhe
actualpricepaig i s given in For mul ahé4)e, rZawndudlrceh (i s

2015, Zhao etal. 2015, Kamar and Horvitz 2009).

U (X.,n)=V(X) -p (4)
We use an illustrative example odofhitshe v
value function wil/ be ug82d4imnot hlel wxtarmgtl

mechanismllimrs tolbitafi npaEspsleen,geir shares the ri
ma x i mum-twp dplriiinege t ttloe bteamu | tpirpilcieed by a di s
here we set t ha = d D)s 8téhuen t s erravt iéchea sspaat si ssef n ges
requi rMonteedttshat r m#doeabtei soctchenrt v all s®s r ewhird e c
passehfglead spagsegrugaresn®ent s are not satisfied

pay anything. Based on this assumption, th

e

direct shipment
V, :{ 0, ridesharing, requirements are notsfetd
t/ Vi, ridesharing, requirements are satis

1 7 max?
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The i nconvenience cost is thus defined as:

€0, direct shipment
CiICN = \: Vi

max?

ridesharing, requirements are notsfatd
- 7)Y,

max?

ridesharing, requirements are sagid

Let us return to t3Belledsa nvpaleu & nf uSruchtsieocnt iiosn

?774’ I\/-I_John :1% 07 I\IR\]ohn :07 WTJohn &
VJohn :‘: O’ I\/TJohn >107 NRJohn 8 OrWTJohn :b(
t/.37.74, otherwise

Note that the example above is just an
take a generalized form that is adapted to
value functions and designing anemehetesfarce
beyond théisc opmée pawielr] be considered in fut
33.Bpti mi z\vethi-BahsesoefMagtea hi Rgu @ainmg

We condrigdlkeeesharing service provider (the
as a Bgsaetm mi zpea s heengreerh inca tec hiThh@ ameé nrcyu ar
t huessarmrtewo i ndi spensabl e c¢ dmgdree mtgse notflyg eac ossyts
user woddtenarceonsi der ¢ d¢lectoe Kaatbweda t@ddvjeid ZOHA b,
et al Ami2Oodhqgly and Tice by ak & spvrdd0pbobs eethaeni sm i s
t o minimize the ageney @s tvreahniscp cer tdit s pant
consumption co@&tnhedmds)anent habos ec s $cta unsceadn v e

byri deshasbongated with their Tpheirssohat makad:
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optimization probl emethapadsestemadgnairmien (@ na md tv 4

routing plan.

TabdddAddi t Nonatlti ons of Variables and

Mo d el
Sets
P Set of pagskRmgel, n2, ¢é ,
Vv Set of WeHilgImRs, &
H Set of thd=tf@nsit hub,

Vari abl es

¢l, if vehiclek travels to location aftpicking up passenger(s) in locatiol
Xic :1| immediately
L0, otherwise

il P,jl PUH,KI V

_él, if vehiclek is dispatched to pick passenger(s) in locatior .~
Vi L0, otherwise |

X= x{;% dil P,jl PUH, kI V} camepresenpaaseabecl

vehicle routing plan.

_¢l, if passenger(s) in location is thiest to be picked up by vehidie |

=j _ PKI
i 0, otherwise

Wi

N R Numberrofifecs with. passenger (s)

I MT Pas s ehbgsevrigffisi cl e travel ti me.

WT Passehfgsere(xst ra waiting time at

Par a m¢
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C!' CN Passendgseri(nsc)onvenience cost <ca
Parameters

nop Number of pasdengers in reque.
Passendgserp(rse)f erred deadline be

o at the transit hub.
The travel itiomajdddngpRP/HN oTlee pi ¢
i ncl utdjedVei mssume a triantgQiet 4j
for i,aaarygl whi ch wi | be -nuesgat it\

tij (Subs&88t borPr op ddiitsi oins 43 . r eas
because the nonstop tthanal thi
travel time to detour to pick
pickup ti me.

. The transport aitioo nj ocadogsRUJHf r Wen a

ij ciPc 4 ¢ foifjamgfyor the same purp

Q The seat capacity of a vehicl g

The problem can be formulated s Rore tfhee

not a,pil eras eT a EBIBe mTdatbdl4.e
Z=mind G™(NR, VT, WT.g"™, 27, ¥7) +TQ ¥ (5)
iip
wheT@&)is the transporethagaloene cepert noaft cthh
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vehirolue i Mg(Xp=laa@d: a %G

KViip jiP @i

Subject to

avy, =1 foralli iP ( 6)
ki v
avy.npeQforallkiv (7)
il P
W+ Q % Y, forallk V,j P (8)
il P\j
a X =Y. foralkiv,i iP (9)
il P QH\
aw ¢l forallk iv (10)
il P
VT =& & x (Vi %), forali P 11
KV jiH @\
IVT 2 0, forall il P (12)
. e & .. 0 a .
WT =Dl -mini Mzl & Y. Y% Dt gorallil P (13)
P ¢ wv k2 y
NR=& &Y np foralliiF (14)
ji PNk iV
Xio Y. W i {03, foralli,jiP GHk VM (15)
Formula (5) S the objective function

i nconvenience cost and the agencyds transp
cost is a functiwameafsht tdhhenutu mbbeel ot ime, an

at the trangi6t) mentsautr Ealr Imup as s eunpg ébrys owiel Iv ebhe
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and only be ser7vedepnesgenfFesrmhue amédxi mum c a
should not be s@kca®de@dsuFer mhleabal anced f|I
each passemmgemuleacdaumed s viethdtcl eaclan only be

once aRormouwlita (11) geveshiadl e pteroas \edil§iasriénde s .n

(¢]
=
(2]

ur e-ntelgatnaomty ot#fveahlilc lpea stireeanvgdelt &t)o memsl . ( 1 -
get all passengetr stbhe xtrarmsainb b ngoh nsheaaed
respect i vgllys.) iFbdgmtylfanware binary variable

We do not us e constraints t o formul at e

Q

eady use the i neomeppmeezamnte tclosstpdunen geer
adding constraints to represent pasbengers
the exampl e33n2 pubeecthan adding such inco
i nt o thef uonbcjteicotni vcean e nsit¢f @ rtilh®dple rpsacsmsalnigzeer
requi sceame nbte al ways satisfied.

Praoof

SuppoxXe st tdhte opti mallBed|l pas®segirmedeht
iI's not satisfaledmati vwleinng h&EnTdhprtso,unt p anigs el qenr
inconveni@®fWe WolséeAX)sepresent the objectiv
mo dleF For mul a 5) .idlofespa®odsepab&it-thxch e artied e o1 h a1

service, the optimal obj e@:itlitve sf uenacstyi otno vua
t hAaOZ(X)iClcX) &)V, ,because extra transportat
a vehi clpea stsoe risfieermv(es o nsi d eri na wsha lcunt ipeass s e n g «
shipped to the transit hub directly withou

optimized for otzZXex i.d g'EXetnigcrirrsce Thaigssenger
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shi pped to the transit hiXlpadkisreendgteley swiott h o a ¢
i nconven(Ceipee0camsdt ZX) & si.Z2 ocii Z (%) 1 coOZ(X)i
Vi, tZAX®NhZX)OV icoBased on FWime>l0aT h(BX) >
Z(X).Si ncies a feasi bl d Rsloe udp toinma X itnsyo dwaflo Isatl auc

Thus, passenger so6 rsatuiisfeimeedch tisn cXame boep daél Inval

I P.

33 .Cu st ommiczeendrii 8B m@g me

Thi s s ubB e otdhogorei scsicnhge Thes .pricing framework is
calculated bydesigning andolving a series of models, including one moldRgland n
modeldPgy(forallgl P).ModellPyshould be equivalentto the original motieproposed
in Subsectior8 3.3.Each nodellPyis used to calculate the price only and does not have
practical meaningBoth modeldPpandiPqu s e passengersoé reported
data.Both modeldP, andIPy havemaximizingobjective functions. Then the pricing

scheme is given by

Pg=g(X ") T (f(X"™) T Vg(X™)) (16)

X'®" is the optimal solution ofodellP, with themaximizingobjective function

f(.), whichincludes u mmati on of al.l passengerso6 value
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fX) = aVi(X)+h(X) (16-a)

iiP

whereh(X) is used to make the modiél, equivalent to the original modé&P

proposed in Subsectid3.3.

X" is the optimal solution of mod#P,, andg(.) is themaximizingobjective function
of the model.
This pricing scheme makes the mechanisr

condition is always satisfied

g( X" ) Of( X'™") (16-b)

This is becauspassenger(®d s u tUg3Vi(X'Y) Tipgs f(X™") T g(X'"™")
00, if the condition above is satisfied.direct idea to satisfy this condition is to design
the modelPg4that makes the objective functig(X) identical withf(X) and lethe feasible

regions of model&y (for all g) beincluded in the feasible region of modiep. That is

9(x) =f(X) (16-c)

cs. 1 C$, (16-d)

where the CSPg and CS; are the feasible regions of modéR, and IPo,

respectively.
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r e pormechanismesn t he

If modellPy is independent of passengerg$) s

Aincentive compatiblebo
If passenger(sy misreports the requirement, then we assume that the optimal

solutionof modellPy changes fronX'™" t oy™", g(X"™") remains constant because

g( X"™")is independent of passenged)s r e pfXf?t) charges o

FIOY™) = & MYT) +g(YT) ') (16-€)
ilP,i g
Thetnh,e price becomes
(16-f)

gii P,i.g

pi = o(X"™) { F(Y®)- V,(YF))=g( X*) S8 V) Hh(Y™)

Thenpassenger(ghs utility becomes

V(YT) + YF"3*);2 o X*)  £Y')- gX™) (16)

&

iip

Ui=V,(Y™)- p, ¥

O

Y™ may no longebe optimafor modellP, indicating that thebjective function

of modellPy, f(.), will suffer from a decrease caused by her misreporting. Thus, her utility

Ug = f(X™") i g( X"™ ) will decrease as welf she misreports her personalized
requirement Therefore, truthful reporting I s pa
This chapterutilizes thisindividual rational and incentive compatibjeicing
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schemen Formula (16)T h e d e s i g iPgandIPy(imrclegl B) are summarized

inT a b3l5e

Tab3dbeMat hemati cal Model s Meeh a@btsani n me nt

Opti ma
Mo d e Object Optim
Constra object
denot f uncst i sol ut
functio
f(X) Eor mu CS, X"= .
| P P\ Py ZIPO
(D FOfmUB)aS{'jko’ikO}
| § or g For mt CS, X" = *
i P IR ZIPQ
gl P (D) For mull8a B {Xijk » Y }
Mo dle &

Objective function:

maxZ, (X)=g V/( X) -Tq X (D

iip

wheT@&)i s the transportatXon cost of the

TC(X)=a a a)ﬁk(ﬁ

KiViiPjP @i

Constraints:
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Xi cs, (8

The cons@S; aciomts issetts of HFor mul as ( 6)

| #i snat hemaagaguwiaMdlyent to the orliRgiinmal o]
Subse3.iBinrlIsRandPhave identical constraints
functions of the two mdeoelmal arse (4 gihiusd) et
X" is al so dgdleuotdipdatihrealor i gi nall Po pitni nSuzbastei cotr
33. Bhe opti Apaals svemahgiechieng and routing plan c
the nmnmadddeThe IBosepr opdoisreedcitcad pt sOoml e@wds e s ece
For mud) abéeRow).

Mo d éPL(sAl on g RWJitslic abcul at e esmrcihd @ l@tshseyme e r
participaimed ei mitdlee)nfairrisntg ser vi ce

Objective funidtion: Formula (1

Const (Cqi)fFtos mul as (18) and (19)

NR, =0 O

These models do not have practicalmmealni ng
optismil2e pawvsadmgeauilEér ansporitmtt bagiswen etmh at
passemgert(rsgnsport ad rteoc ttlhye wirtahnosuitk i apnuybes h a

3.3).
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Passenger g
included

. Transit hub ‘ Other passengers

Fi g38fn Optimal ol ution of

The mechaleins;)deU(X'Pa*,p) XP is the optimal

passenadgehivheghramidé i ng pl an. Al pz{plaozs.s,[qg}nger s 0

i n whicdhhi ee i s calcul ated by

P, =Zp {2, V(X)) )

Note thlafanmgldeeMe i dentical objective fu
that the f easiPpilse irrecgliuwdie d fi mmotdhekl FPbf eecaasui sbel e
mo dlBglhas an additional constraih® Tharsmul &:
mechanism is Aindividual-p afindil)n.qd 1Mo rbeacsveedr ,0
opti malosomi®ti sbn ndepasdemserr(esport of the

otNRU'VanWbecause pgdsseéengem@eni ence cost s



I mp o
rece

Subs

4 2
ngt)antt (the passenger(s) is transported
rs, no maUVf@ ra mia h evalasese ngfer (s) repor

entive compati bi-dei(tlyor.hbea sneedc hoannti Fs@m nhual sa

rtant pro-pegty,j vtihpaytdo ceen snuornes t hat the
ewenue fr ofrh ep alsestean d eertish.mpe e@pfe ra fi etsh eag e
eX3t.i50.n

Al gorithm 1 showsobhowinhlkee.mechanism is

Algorithm 1 obtaining thericingmechanism

Input all parameters
Solve the optimization mod#P, and get the optimal solutioxX ™", the optimal
objective function valueZ, ,and each pa Q/gs(x'Pﬁ*)g ia rxé's v a
Forg=1n

Solve the optimization mod&Pg, and get the optimal objective function value

Z*
1Py

Calculate passenger@ s pp, # Z’;}ge{Z]po \g( X'P"*));

End for

Output the mechanisriM (X'P"*,p).

Let us return to the simBgBelekamphewpho

mechanism Tlsbothe apaesienger s akoh m,uafdiketreerd an
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fizd a n fiBO and the transi tWeh wbs ei st hreu mbad rueed f als

example propos8&d2i nWeufbisrexstt li bofhogpetti mihzee otph @

sol uX"ormmodle® whiuubhipmlssenger matching and

pl d@rml-Pe tleorfiTm ansi(t2-109,6b g314).e Tlhod al transport at
this ro@e(ixRkg)i sl aholldcafse optimization resul

T a b3l6e

Locations
3 Alice
A
Peter‘/.

= John

2
1.5

1 .

Transit

0.5 hub

6 >
—0.5_0_5 1 0.5 1 1.5 2 2.5 3 3.5

Fi gB4@pti mal Routing Plan of the ExXx

TabldeOpti mi zati d Results of

Passengers
Optimization

John Peter Al i ce

Total t¢(mveut 8.5 12.5 16. 4
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Extr a wai tin
0 10 0
transit hub (
Number of she 2 2 2
Val wgx®) (dollars) 65 8 7.40 8 .12
Not at\/ii()o”’ﬁ);passengdf) s value giveX™filkedhe maximinma I

willing-to-pay price.

Then we consi ddrmRl PhrdP{Ihffgee 1 mo @eoadnd
Peter: 2, Alice: 3). Thleab8lpeti mi zati on
Tabld7®©pti mi Rasuldtri®@ of
Models (I &
| P | P I P

Optimal solution

Total Transportatior

X" (3-2-0 ,-0) 1

X' (3-1-0 ,-0) 2

X'"®" (2-1-0 ,-0) 3

. 6.94 7.58 7.60
cost(TC( X'™"))
Pas s en gees
1 2 3 1 2 3 1 2 3
()
Travel time
8.49 10.41 14.3%4 | 849 10.41 14.33| 8.49 1250 12.31

(minutes)

p |

3.

resu
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Waiting time at

transit hub(minutes)

Number of shared

riders

Vi(X'Pg*) (dollars) 7.74 740 8721 | 658 8.71 821 | 6.58 7.40 9.6

Not a t\/ii()é'Ph*), passengdb €=1,2,3)value(i . e. t he mdaxiamu jmivediclel i ng

the optimalsolution( X"™") of the modell P( 20,01l v ehipalssenger matchi

vehroluéeing plan, two veiclVesi0ale Rsed (Vehi cl

Take John as an example to showilBow hi

cal c blyatFeod2@u |l a (

p1:(Vl(XIPl*) -P\/Z()('Pl*) V3( XPI) T-C( Xpi)) (\21( Xvo*) &(+}E"*) T€><IP5 ))
=(7 . 7+43 4+B1 2i®7 9i4(07 . 480.12i017 1440.)94 (dol l ars) .

Ot hersd6 prices armeftcladd ul Bhee dme alu & thiesp fs a

gi v elm b3l8e

Tab3d8@hd&KkesulCusbbdbniArd elenghani sm

Optimal routin Al i->Pee-t @ o-htinhe tr ans
Passengers John Peter Al i ce
Taxi W\Jg,icien Ydol 7.74 8. 71 9.65

Ma x i mu mltwmnagy p 6. 58 7. 40 8. 21
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(/,3V, in)doll a

ax !

Actual (pdaoglmeart 4. 914 5. 27 6. 21
Uti( WTFK padtcwea

paymentn )dol | a

All of the three passengers & ewplolsiing

parti ctihpeatre diensharing service.

We tthaekne Al i ce as an example to show why
is the optimal strategy. She has three str
2) participating in thlefulildyywhhapaomretg us e e ik
(a""=20 ,a™=2 and&"=8 , the maahimulme inralve !l madx mmu

number-roflec® and t he maxi mum extra waitin

passenger cami nwta®sdat8e nmirneutZ0s, andsPrpcpavel

in the ridesharinignlgeer vieqgs{a'da etdhewhti scrhe piosr t a

mi srepor g€, 8'&=8)uTea,b3d9s hows the results of t

We can see that when Alice misreports her

nowant to stay in the vehicle for more tha
t hi,s the system charmpaekordime pltansf tPemeidl i o
the transi4+ hkRuboa&sidohobo bectauskr om tthe t
the price increases from 6.21 to 7.85, and
al so demonstrates that participating in th

opti malf et rtaliegypassbapgei2(06e beldheaumaxi
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Tab3dodhr &er at egi €€Ceor a pd p8Bdnsiu Intgs
Strategies

Al bseservicepjrect Rideshe Rideshe
(take telling mi srep

Optimal rout
(3-0 ,-0 20)1  (3-2-1-0) (3-2-0 ,-0) 1

generated by
Act ual( dvod Il lae 9. 66 8. 21 8. 21
Pri(deo |l | ar s) 9. 66 6. 21 7. 85
Uti(dolyl ars) 0 2.00 0.36

33 .T5heor Antailcyasli s

Thsabsecti cdire prreopenptt D ptme e H aaigk mbe g ef

coff theseTpeopeateeshree

ncentive

| passengers are wi IMoirneg

O parttihcea praitdeedmar i ng

ompatibility ensures that

equi rlefmetnhes. mechani sm i s

he al gomr st bmghbey r

ot be nRAinnialilzye,p.t bei der ving

d t hasshourlidendbganiowne.

compatnegadtiitwiot yaon.d

service

requirements

I mportant prope

[Ampdriivaied ea&ln r

ptaos speanrmt@ ecsit pwavti e el
i fl ntcheen tmevaeh
papcreingtehasi rar ge

not i nntaennitpiuvieataoo

and the ovi

€t receive payme
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Proposition 1: I ndividual Rationality

As l ong as a passenger participates i
M(X”’“,p)ensures thatrﬁeaulhg()dbpf’l*a%)saaOQeceived fr

ridesharing semregatei vies (ad kwa.y si mdoinvi dual r af

Ug(X'PO*,pg):Vg(X'PO*) -p, 6 foranyg (21

Proof :

Uy (X p) =V (X¥) -y
v, (x) 2, (% (x")
:ZI*PO _ZTPQ

-2, 2,(x")
The first part of the formula ab®ve is

X%is a feasilbfl easdluhiuont od second part of

the optimal objelc®Pi YeubBunction value of

Uy (X", p,)=2Z, -7(X") e

Proposition 2: Incentive Compatibility

Telling the truth iIs always the opti mal
participates in the SM(X)P°f,p:)ereLgradejrl eslse ofe

passengersodo replhatiingcenmnt aiNe gi2adsheat iadi.l i ty

Proof :
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We assume t hgnt spaepomemearr(esmeambeonof heha
ridersyedxtcilda@ amadvextta ol Yainoy) t imesgect i v
We d eMi(ixn=e/, -C™(NR( X, IVT ¥, WT x4, #7,,'F), where
BNRB' VanbWT are pas®sngrrs(rse)poriNéd vaaldyes of

respectively.

The optimiz#& beoaofReEsbl em

z =maxZi(X) =g V(X) ¥ (X TFaAX, sxicCs,

iiPi.g

Not e mbl&@jiusalplassengerso6 reported per sol
i nput datpasseamgapheifcshhpnal i zeids rmiqarn ¢ peneine d.
passengerVd ,valoumesgl(lare calcultaeedr theadpe d

personalizedormagut eememt shese pass@bger so

only diflfPérelRicse ohatPusmpdebem@ert(rsyt hful re

an i npWet adsastuam® itdh atthe optilRal Opoli mi zan i o
| Pdes ot change, b causdeppecsdleempeor(esport. M
precisely,gdopasatogenV phympeiged!| ssiom@hEor mul

because the passenger(s) is directly trans

| P

Then, the pricerdgisgrged for passeng
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w=z {7, wilx)

The utility dgchant rppacsesarege s s)

) {2 (2, w(e)
:vg(x'P°‘*) %Zlg %égV(X‘P°*i) \g't( XF’O) TG( X ) ¥(+ X ) g
:%v,(x”’ ) o[ X g,
:ZO(X|POi*) Z
X™" is not necessarillyp tthreru®pti mal sol ut
zo(x'F’o“) ¢ Z,( X%
Thus, we have

Ug(x'PO“,pg,)=Zo(X'P°*i) -2, g(X¥) z U X, p)

wheUg(X'P"*,pg) is the pgdsseumgaklitéiys the optir

solution Pohemotdel report §VRUUWE ndf.uxd® wmabdues o
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X" arreespectively thenodpRiamidpPr esgd rudditedses ff

passengedrnsgd srterpadiratdi eat efhitdhat telling the

ssrafegyeach passenger regardless of other

O
Then, we introduce the definition of it
(Protposni 3). The definition of #Atransition

mechanism has the-npmgap@ulysy@3.t 5 @riocpeo sniotni o 1
Def i niYy=iT&®yP)ils gtthreansi ti on soluti &Caf from
t hneo dleft o t he <corr esponYgoitntge f ra@idterbel et rsaonl suittii

procegsseinsby Al gorithm 2

Al gor iObhtmi2n t he trYg=TRBYi on sol ution

| nput aX=sxlydkt i on
LeY=X
| NB> O

Fi ktdhyg& 1, yweEdOf et

Let anot hke wivbbutl ¢ asks tog pj elkan

XgOki = 1’

Fi ntdhygtx 1, »xmd Ol et
Fi ntdhyadx 1, »grd Ol; et

Lex ;= 1;
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End i f

Out pgut

Fi g3sehows an example of tPassemgeang spl u

to the transit hub directly withdsitkaoayr et

connected.

Broken roken
link I|nk

Pass

.Transn hub.Dassengers

Fi g@8sExample of the

Transition Sol uti

ProposFbroany pia\$(ﬁg)ezn\|/gﬁ)é)rf(osr) anyX s avlhetrieo n

Y,=TRg( X f or glalTyhi s proposition will be used

negativityo pro3@8osDi tPropo(s$Sub oaectdi)on

Proof :

=0, V(%)= Vawr (032 V(X

| f pasisrerqaieasntgsar e served by the same
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VT (Y,) ¢ IVT( X),NR(Y)¢ NR( . anWT(Y)¢eWI( . Since the pas

value function is a moMNRtlVIhanwWwgc,r ewes i hgvé

| f passaemgper(s)erved by Vic(\'(;)f:ﬂll(e)(),e ntewahd e |

passenogert(csh)i ng @inanrios t¥haes ¥ ame in

Thus, for ahywma\&(@}#rﬁ{(y)@ﬁ(osr)any transitic

Propogti tRroiniNe gMdn vity
I f two preconditions are satisfied: 1)
two | ocatwbhbBecompayglDe gigmraetgQad §iftoyr i,pny

angland V2 Pc, ( For ®)u,l at he siedrewri cceanpraodways rec

from each passengeM(Xﬁ*rp)jeakahemneégcalstaimb’stny).

p,=Zp, {2, W(X¥)) 0 22

LeY,=TR§( X' ) { § 9 iiPjiP €k Yy (see Definition
Y,is a feasiblPan&bliud i ome obpti mal wso lhuatvieo

z,(x™)2 z,(%). Thus,
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p,=2(X™) {Z, v(x*)) 2(Y) (2 ¥-%)

Since i Mpasebewmpent(rsgnsported to transit

v (%)=

g max *

Thus

z(%)=av(y)-a a ats M &

il P\g kiviiPlgj P B\ig
From Fo3fy muwea Iiave

z,(v,)>av(y) -a & asks

il P\g kiviiP\gj P B\ig
From Pr :3powe th awne

av(y): av(x)

il P\g iiP\g

Thus

Z(%)> @ v(x¥) -4 &  aie

il P\g kiViiPlgj P Blig
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akwéﬂp\g aipa\i’gx?kqjis the transportation cost
cost that is rgilmtsdf.luttoi igga xsaesndegr Psoved sn
to the total tran%ﬁ*o(éﬁi@aiipoake\pg}ﬁq) becsaokaetd

the triangle equality. Thus

() & v(x*) & & afe 2 y(X)

iiPi.g kVi#ijP HG

Thus

P> 2 (%) {2 ¥(x¥)) o

34 Cé&tsuedy
34 . DatSat t i ng

This section presents a case study to vi
anidtsheoreticadah phepktoliewing case,twe Newe
Brunswick Train ,Shathen UhNe¢ e@d g lace BlEagp on
addresses ofat bel TxliBlddhmida air @ n §d g Bubroief itehde i n
map. The travel ti mes betweelne tdabpB0d ogmt i on
on JulyTha8 £2£04vel distance between two | oc

routes wusing the i nfoFowvatcbar iffioena tiGooong | ®o
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transportation cost is set Thoe btea xfir)opp dsrctei d
$%5 or trhiel d iafrsadr $ela cShmialdkd E5 #.6 Mnaxfl, 1 0. Each

locatiomr Ipassenger semdi ntgh eWhsearsveigcoee.st hat
passenger catches one of thewPahbsergér aodontsi
schedul e i nfiofandlidl oan oiusr Iciassteedstudy, for si
convenience, all the passengersoé preferred

their train depart wr é atnidnhees .t hCu rp rnoobd eelmsc aw

arrival deadlAinédeedr efdicfafresr evntt h seat cape
to pick wup al/l the passengers and transpo
deadl ines.

e

rsity Hospital g

New Brunswick

X

Fig86*el ected Locations near New Brun

Tab3dledddresses of the Ten Selected 1

Passe AddressePasse] Addr essec:c:
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458 Ral ph ¢ Rockafelle

1 6
NJ Piscataway T

16 King Rd, 227 Hilton

2 7
NJ Par k, NJ
58 Arden St 121 S 11th A

3 8
N J Par k, N J
23Bampshir e 109 S 8th Ay

4 9
Piscataway Par k, NJ
375 Lanca 219 S 7th Ay

5 10
Piscataway Par k, NJ

Tabldlefr ains in N&waBn owms Wiedlkected by the

Passen TraiTrain d Passen TraiTrain d

i ndeixe numb tisne i ndeixenumb tisne
1 Q3814 1: 20 i 6 Q3814 1: 20 ¢
2 Q3814 1: 20 7 Q3814 1: 35 ¢
3 Q3814 1: 36 8 Q384 1: BB
4 Q384 1:36 9 Q384 1:35 ¢
5 Q384 1:35 j 10 Q384 1: P

The case study uses two types of wvalue

order to show that the generalized mechani



58

t he f i r sgasssceenngaerriso,c an reexptor-vae hitnb e e mtaxa me lm
maxi mum number of shaxa@vartii chheayrhderi aresiateal u hu
Tab3legas the examdp3ld.e Rais sSeencgterosnd6 value func

example i 33S2bsection

&V, _, direct shipment

V, :‘: 0, ridesharing, requirements are nots$ed
10.85/!

max !

ridesharing, requirements aresfad

Passengersod6 reporting methods and the v

and the met heodd tcoa ma nbye. sapdeacpitf i ¢ f or m

Tab3dlePassengerso Personalized Requiremen

Persona Passenger indexes

require 1 2 3 4 5 6 7 8 9 10

UNR 3 3 3 4 4 3 4 4 4 4
UV{minu 10 15 15 10 6 8 7 15 10 10

UYT( mi nu 20 20 5 10 10 20 10 5 10 15

UNR the maxi mum number of icdamrteal eri altee.s t hat t
U'VT t he maxi-vrauhm celxe rtar d we | itciame ttoH aetr att hee passe

UV, the maxi mum extranwait hod itcimme téohH etrippe ses e n ¢

Il n ftihrest ,s peamsaringer s can directly. repor
Th @ nt ersaycsttievhe i s straightforwar tthfeoesyssems

one |l imitation: as |l ong as one passengeros
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wi l dtipragy price) is as9D8IMe,d & we bteh daoscaprhvs tcaen |

di ffeegneiemcomriveni encehat exoidmpdedS8t.i danh nds
maxi mum-twgdy ipag cemeadl way b e6 . 5v8e hwii d lhe tthrea v enl
increasing from 8.5 minutes to 10 minutes.
I n other t brm@xiamu o stwp d | pnpiyceecr eas e as
i nconvenience degree mepcheasesm i Thost hweesea
i n which passeng-t98§ maxic @t hdwecicornevagsg eansc e d
i ncr éasddh.e secpoansds esrceenrasr icogn report the re
wi |l {tipragy price in terms of tHHFertlerxaanpi ¢ o
passengeaf=02poits iartdiecaacthe st itnhe when dtehs n

i ncreasdsmrayi mom;twpdy immgi ce decreases by 0

IVT
i

a’'"=0bmeans that each -+t@ée mec wa etnr a el etxitmea ii mc

t hreaxi mumgtwp dy imrice decr ead'se5smebayn sO .t5h adto lele

time when the extra waiting ti médnmeaxi mhm tr
wil tipragy price decreashs bfiredsplaEmEt er Eh u

reprebBenstrictnessThé v algle gagudi' ae megi s en i

Ta b3l1le3
TabldlePassengersodo Personalized Requiremen:
Per sona Passenger indexes

require 1 2 3 4 5 6 7 8 9 10

UNR 0.10.20.40.30.1 O 0.11.00.10. 2

grvr 0.30.40.50.40.81.€0.€1.803 1.2
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gwr 0.10.11.¢1.70.80.C0.70.81.22.0

UNRC dolple@a s drreducti on r at e-tafaymaxii metmhienimi kir mg
of -rdader s

U'Vfdoll ars evree dudSt ind m urt atsg Jtdgfrag/mapxriintuern i vt er |
ext e hiircl e travel ti me.

UM( dol | ar s eweerdy c5 inoinn utae se)t epfa ymapx ii noutnh iemi eltxle ir g

waiting time at the transit hub.

The hypalt hvealiu & aftwmr atlil &yy piFse@IBat e d

a" (VT -t,) a"wT

V=V & NR
5 5

(2 3

This value fanmdrienr eaacshd reavlelse mec hani sm

wi | {tipragy pr i c et Hi enccroenavseensi sansc & ddasger.ebat we u

hypothetical function just to show that o1l
scenahi®sfohvenl o€ function in the second sc
than that i n t hteh ef irrepg o rshraeyngabod eeb, m patinedx

passengers.

34 . T2hde ac harisumtRiR
We sol ve lt#theehm tdoepmaitntahli ma@u tainsfgarpé ahi r st
and seceom®3il087-91@d,560) a-8H0 ,(55640,-1 @ 7-80,)

showhi g#&af(ea) and (bPassesgecsidOveblhues gai ne
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the actual prices charged by the slTarbMiece ¢
314 a) Tab3tlef bf)drhe t wo scenaThespr e easlpleaxpd o viet
in botbhemdr itds, i ndicating tBradv drmwee sferroom c
participants. Moreover, as |l ong as partici
than the taxi price. -Aéfgapiaseeinmgelrstolosdfi |t
Thsi indicates ahatwall pgsdbenpaedeisbiaapang b5E
the pr opos eRu rnmehcehramoitrdergp aves ¢ mger as an exal
the property of AiFn gBf ey e aadmp abt) ir aii Igihtt yf a
demonsdorfatiiomcenti ve ctowp ag ¢,d nrae stpyedt hienv etl tye
passdmnmgdarmhfultlhyeegepoembBet s ncmnvenhemdd att
recaeiovemalillert y hteh ann strlegtoritfs| Fhg38(egui weme
assume that theemaxilmumrawterla time that Pa:
mi nultfee assaeamage thf ul hiig7 rneipourhtess 0 e dh @ arserc @ ii vnees
tédd maxi munb ut4ddmtyhéeéfsbedevimcsereports this v
l i rhayst,i |l ity is n&ilmaitnde ig Q& )M, u hyf 47 eport i no
reducti orvrefaitee ( BiGnhda &x $ muonf-twp d yf imprgi ce 1 n t ¢
the exéhiacla its atvhed apdtmemal sNotadFeitgy@Bifeor P a
only presents oneiexttrwanienci eniteesaased rdoanbe |
and we can draw the same concl uskiomalfloy, t
severalspudibeaoset Biswadad)I&an ailwhee2dtiear

payment collected from parti crpantdedans o00b

the mechani ¢ meummat pcrofof &I I prices minu

é_illp,-TC(X'PO*))i $40i M4t he fir%6.iondetnhaer isoe caonndd s c e
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FigBT7(ea) Opti mads svemged eMatching and Vehicl
First Scenario -Pd3sOpgemaMavehi oablRlaaad Ve hi

t he Second Scenario

Tab3le4d a) Results of the Mechanism in the

Mechanism in the Second Scenaric
(a)
Passengeil indexes (

Resul t

1 2 3 4 5 6 7 8 9 10

NY
(o]
~
(o]
[EEN
=
o
[EnY
o
(o]
€
(o]
N

Vi(in dc7. 6. C5.75. ¢

max

.
»
«
<o
0
O
—_
\‘
o

Vifin do 6. 17. 5.25.14.¢5.C

«
(o3}
o)
ol
(o3}
»
=)
(o3}
NY
a1
N

p(in do 4. 480 455 435 450

047 059 054 052

NY
=
ra
=
(¢%)
N
«
N
«
[ERN
™

U(in do 1.

(b)

Passengeil indexes (

Resul -

1 2 3 4 5 6 7 8 9 10

Vifin dc6.96698 6.289519. 58. 258 5 % 525570
pi(in dc656 653 614 6.046.186. 9570 4.695.20549

U(in dc013 045 068 275 271 124 0.5100 023 021

Vn‘m: t he tVaxipapibeongalue, i .e.-tiplay maxig@mes mewpgkl

i0s redl pasieng@eVipt.y,



Passenger 7's utility

2 L T |5 |5 L T LTeﬁg |5 |5 |5 T T |5 |5
) ) hetuh ] )
1 . _Msepoterquement  f Msepomherquement
|
2 0 |
~ -1~ |
o I
(@) |
52 |
g |
© [
o -3r- I
|
|
|
-4 Thetue |
vale v :
D
_5 r r r r r r r !‘ r r r r r r r
01 2 3 45 6 7 8 91011121314 15
Reported maximum extra in-vehicle travel time that
Passenaer 7 can tolerate
(a)

0_2 T T T T T T T T T
0.18F M sepothe Tehg i
requiem ent he:ih M sepotherquiem ent

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, N
0.14 [
|
|
|
0.1- |
|
|
|
0.06 - |
|
|
|
0.02 |
Thewe
valie 3 : D
-0.02 Hoa

0 02 04 06 O.

1 12 14 16 18 2

Passenger 7's reported reduction rate of the maximum
willing-to-pay price in terms of the extra in-vehicle travel time

(b)

6 4
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FigB8(ea) Al ncentive Compatibilityo in the

Compatibilityo in the Second Scel

34 . S3ensiAhaViysYySs

Sensitivity anal ysdiysn agmince etsesh ipdHlses s b § @ra t
matching mrodt vedgigl @npasdedigetrise g¢leisr eament s
We i ndheaseéroincet peassss eonfger 6s requirement on
attrbputkergsemgqui rements on the other two inc
other passengkBirgdr(emequi(rbed metmiger.(icleassgge sent
tdecreasing thetimaxt mumed e gc etahvaeth itehnec e aast ste
can tohethlae ef iFi gBr@®@agnar(ibd9 and (c) show th
the prices in ddaes edckchoy di mocreenaasrinmmagx itnhuem r e ¢
wi | it ipragyr iime t etrmen cofd @ g e éteese oifnconveni ence
respectively

Di fferent passepnrgletrgbeestavus edit hfegr dmtve di
information (e.g. departure | ocatiamd arr.i
thus they havetdiofnfsieg3nde whénl it hg fmarcmum d
three inconvenience attributes e¢dhah paesepm
priceremaihms constant or increaspassdmgernpsgod
changed dioodsernaontc ei mpact the optimalfasadl ut i
the optiimpalssealgec!|l ematching and vehifclteher ou
opti mal matching and routing plan changes

i nconveni enchee aptass erug ersgpoalrietcye i stahrev ibperdid ceea
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i ncr.eabekse PaBisgdQdean @&Gsi mn example, when t

o

—

]

frcaders she can tolerate depasssegefr mat 8

n d

(0]

es

vehicl e r out-3-1n0gyemli 2z n56-0V;e hM echi/-89{114D ) 32

nodnd htameg eprice remains const-mainder Whe

ol ddeadreeases from 2 -pasdenglkee mpttcmahgvaeaehd

@ n

an

d

changes-31-®; AWehid€&€Nehllc OB 3/ehedOLe 4: 7

the price i ng@ruead s d gSidmdel watirc et.ohnec lbuesitemnr

r &mg 89(eba)n(dcl)i.k ewmiAs g 8Br®a) when Passenger 6

eduction rate-taepfaymapxriincuem iwi Itleinnmipger ef f m @ mb &

eaq a

out

de

i der ptear g% 0d.e6 , t he -mads enad erv enaitcclhei ng
I ng pl aR1-0(Weehh 2cctdde0 ;1 :Veh 180;| eVe3h i-t/@)e 4: 9
t he pri ceWhreenmatihne croendstiredanitiomu m & wpieal yloif n g
e inumbemsioddscsi ncr eayedofidem pletro & 0. 8

r, t he-poapstsiemmagle rv enhaitcclhei ng and Aiwemliicll e r

1 -3-120 ; Ve hidOIVe h2 col0g 3IVe hi8dOl; e Véhildd & &nd 9t he

C ie

I naceads @shmeoglsyl t i viitmgp laim@md syssemsger s can

i gbeal i t ywister vhcghgr ppacceg str i cttheer rec

orresponding inconvenience factors based
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7.00

Prices (Dollars)

6.00

5.00

4.00

9.00
8.50
8.00

7.00

ollars)

8 650

s (

8 6.00

Pric

5.50
5.00
4.50

4.00

~+Passenger 1
® Passenger 2
4 Passenger 3

—»-Passenger 4
* Passenger 5
© Passenger 6

—+—Passenger 7

—=-Passenger 8

———Passenger 9

—+—Passenger 10|

)

1

0

Maximum number of co-riders that the passengers can tolerate

—+Passenger 1

= = = nu
/ —#-Passenger 2

x* x
KN KN K %—x—x | & Passenger 3
a—a » Passenger 4

[ I B |
/ Aroa e A Passenger 5
Y| % w /¥ 4+ 4+ 4+ | ® Passenger 6
r‘; /

O S S e Y ,‘"‘ / —+ Passenger 7

L 3 & ® L ® ® L L ® L 4 L '/“ L ./ L 4 L
/ ——Passenger 8

B N M M MR- B S
e e —=Passenger 9
- s e ~#-Passenger 10

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Maximum extra in-vehicle travel time (detour) that the passengers

can tolerate

(b)

67
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(c)

FigB9(ea) Price Changing Caused by Tighteni
of -Kioders in the First Scenario (b) Price
Tol erance -Vehi Ek€érnBredwmwenl t he First Scenario

Caused by tThTeyhhe eamEngWaotTimeg i ki tBEnari o


































































































































































































































































































































































































































































