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Recently, some studies examined how downtown pawingSgpace limitation re-shapes the

morning commute in the case of a single origin-@€stination network. This paper further
formulates and analyses the commuting equilib p -ﬁ em of both mode and departure time

choices in a bi-modal (auto and public tra -one network. Several properties of the

equilibrium under parking space constraints proposed parking reservation system are

discussed. Procedures for computin dynamic user equilibrium with a parking space
constraint (either trading of reservatio owed or not) have been developed. We show that
parking reservation can helpyred dweight loss due to parking competition and roadway
congestion. We also found sTgning more reservations to travelers from a specific origin

does not necessarily redug @ travel cost of them, while doing so might raise the total travel
cost of travelers fro otigins. When parking supply is less than the potential demand but
is relatively lar 'r@ally preferred to retain some parking spaces open for competition.
However, w e fotal parking supply is relatively small, all parking spaces should be
reserved to tavelers. Besides, we show trading of reservations among travelers would yield an

effici . This loss can be fairly large thus trading should be prohibited.

Keywords: many-to-one network, parking space constraints, parking reservation, dynamic
user equilibrium, reservation trading.

1. Introduction
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Parking limitation in downtown areas is a growing problem for both commuters and traffic
managers in large cities. Finding a parking space often constitutes an appreciable fraction of
the total travel time (Shoup, 2006). Glazer and Niskanen (1992) modelled the congestion
caused by through-traffic and by traffic destined for the area where consumers park. Bifulco
(1993) introduced parking fees and parking searching time in a stochastic user equilibrium
assignment model for evaluation of different parking policies. Researchers have conducted a
series of studies to analyze the interactions between cruising or searching for parking and traffic
congestion (e.g., Arnott and Inci, 2010; Arnott and Rowse, 2009).

Arnott et al. (1991) embedded the parking problem in the morning commute modg

1969) and showed that parking fees alone can be efficient in increasing socth
combination of road tolls and parking fees can yield the system optimum thagimaXamn1s
welfare. Under the parking setup by Arnott et al. (1991), Zhang et al. ( ) derived the daily

commuting pattern that combines both the morning and evening c and investigated
mechanisms and efficiencies of several road toll and parking fi s. Qian et al. (2012)
investigated how parking fees and parking supply can be @ to help mitigate traffic

congestion and reduce travel costs. Parking pricing has b@ ed as an alternative of road

pricing to help manage traffic (e.g., Fosgerau and alma, 2013). For a recent review of
parking studies, one may refer to Inci (2015).

travelers to depart from home e us encounter larger schedule delay cost. Following the
tradable travel credits propr(')& ng and Wang (2011), they introduced a parking permit
distribution and trading reduce the inefficiency due to parking competition. More

6., Yang et al., 2013; Liu et al., 2014a) further investigated the

o

recently, a series of
morning commu, th a binding parking space constraint, and proposed parking
reservation to réduceftotal travel cost of travelers. While these studies provide some insights
on impacts @petition for parking and develop strategies to improve traffic efficiency, they
often of*the problem in a simple dynamic network with one roadway bottleneck, and

ignore it network-wide impacts of parking competition due to the parking space constraints.

This study looks at the commuting equilibrium problem of both mode and departure time
choices with parking space constraints in a bi-modal many-to-one network. Under different
network specifications, various aspects associated with parking have been analyzed in the
literature, e.g., network with multiple parking facilities (Li, 2008; Lam et al., 2006; Qian and
Rajagopal, 2015; He et al., 2015); parking information provision (Li et al., 2012; Qian and
Rajagopal, 2014); park-and-ride service (Li et al., 2007; Liu et al., 2009; Liu et al., 2014c¢). In
the current study, we focus on the bi-modal many-to-one network to explore the network-wide
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impacts of parking competition. Note that this network specification might be more suitable
for those cities whose urban structure presents a largely radiocentric layout, as considered in,
e.g., Badia et al. (2014).

In the considered network with multiple bi-modal traffic corridors, commuters live in several
different residential areas (i.e., “many” origins), and every morning they travel to the same city
center (i.e., “one” destination) through a corridor. Every traveler can choose to either drive and
park in the downtown or take public transit without parking consideration. For commuters from
different origins, they have competition for parking spaces in the downtown area, do not
share the same roadway and public transit thus there is no direct flow interaction 3

For commuters from the same origin, they not only compete for parking in tife,c
also share the same roadway and public transit. This treatment helps us to fcﬁ
of parking competition and allows for tractability, while it simplifies

interaction. We then examine how these interactions among all w@

ling of traffic
hrough parking
competition, and the interactions among travelers from the same aogi ugh shared highway
and transit would re-shape the bi-modal commuting equilibiium g the context of multiple
traffic corridors. Also, we will examine how the alloc@ rking reservations among

commuters from different origins would affect the commute equilibrium and help
reduce the inefficiency caused by competition a@nd roadway congestion.

The rest of the paper is organized as follows.

tion presents the basic model formulation,

and revisits the case of a one-to-one nctwork that incorporates parking space constraints and

parking reservations. In Section 3, s@u modal many-to-one network with parking space
constraints is introduced, an th@u ing equilibrium without or with parking reservations
in such a network is formul nalyzed. Section 4 discusses the efficiency loss of the
parking reservation syst

are presented in Sect'@ C

2. Revisit t i-modal equilibrium in a one-to-one network

o trading of reservations among commuters. Numerical studies

ustration of the results. Finally, Section 6 concludes the paper.

In this

modes.

tion, we will firstly present the formulation of travel cost functions of auto and transit
en, the bi-modal commuting equilibrium without and with parking space constraints

in a simple network with single origin-destination (O-D) will be revisited.
2.1.  Travel costs formulation
Vickrey (1969) introduced the first bottleneck model of congestion dynamics. Smith (1984)

and Daganzo (1985) further established existence and uniqueness of the time-dependent
equilibrium distribution of arrivals at a single bottleneck respectively. Thanks to its analytical
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tractability, the bottleneck model has been adopted to study various issues (e.g., Arnott et al.,
1990; Laih, 1994; Liu et al., 2015a,b). For recent comprehensive reviews of the bottleneck
model, one may refer to, e.g., Small (2015).

In the bottleneck model, travel cost by auto, including travel time cost and schedule delay cost,

departing at time ¢ can be expressed as

¢, (t)=0-T(¢)+B-max{0,f =t =T ()} +y-max{0,:+ T (r) -1} (1)

where T (t) is the travel time at departure time ¢, o is the value of unit travel time, and B and
&t is

v are the schedule penalty for a unit time of early arrival and late arrival respe

assumed that y>0o.>B >0, and denote 8=By/(B+7). T(¢) contains free ﬂ8\ ime ¢,
al

s. Namely,

ler departing at

and the queuing time at the bottleneck whose service capacity is constantl
T(t)=t,+q(t)/s, where g(t) is the queue length experienced by th@

time ¢. And 6
dq_(t):{r(t)—s, r(t)>sorq(t)>0 0 @
dt 0, r(t)<sandq(¢)=0
where r(t) is the departure rate from home at ti%%n there is no parking space
constraint, given the total number of auto comm %, the equilibrium auto travel cost will
be
f;(Na)zoc-tf+5-%, 3)

which is an increasing funct@umber of auto commuters, N, .

@ s can either drive their car (auto mode) or take transit (transit
assumed that the cost of taking transit is an increasing function of

In the bi-modal setting, ¢

mode). For simplici
the number of tramsit ,l.e.,

POl @)
whe is mber of transit users. Note that, ¢, (N,) can be regarded as a reduced form
of the tgghsit cost function for a model in which transit users are subject to schedule delay costs,
and have a time-of-use decision to make (Kraus and Yoshida, 2002; Kraus, 2003). More
complicated situations, e.g., when transit operator is responsive to parking supply or roadway
capacity expansion (Zhang et al., 2014), might be considered in further study.

2.2, Bi-modal equilibrium without and with parking space constraints

Denote the total number of commuters by N . Now we look at the case when parking supply
in the city center is sufficient such that there is no parking space constraint. By assuming an
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interior equilibrium, with travel cost functions given by Eq.(3) and Eq.(4), we immediately

have P,(N,)=F/(N,) and N,+N, =N, where N, and N, are the numbers of auto and transit

t
commuters at the bi-modal equilibrium without parking space constraint respectively. This ]Va

is indeed the potential demand for auto mode, and for parking as well.

Now we will revisit the morning commute problem with binding parking space constraints for
a network with single origin-destination (O-D) discussed by Yang et al. (2013). Specifically,
we consider the bi-modal equilibrium when the parking capacity M in the city center is less

than the potential demand N, . Following Yang et al. (2013), let M" and M"_derete the

numbers of parking spaces for reservation and for competition resP where
x of auto

M"+M" =M . As the parking space constraint is binding, at equilibrium, tﬁ;

commuters with and without reservation will be equal to M and

ectively. For
commuters with reservations, their choices of departure time (fr are not directly
affected by parking availability; while for commuters without re s, they have to either
depart from home early enough to secure a parking space or ta ic transit to avoid parking

competition. Hereinafter, we denote the commuters with Mgervation by r-commuter, the

commuters without reservation but choosing auto m have to depart from home early
enough to secure parking spaces) by u-commutetian commuters taking transit by transit
commuter. At the bi-modal equilibrium, t cost 8f u-commuter will be identical to transit

commuters, which is equal to B, =c, (¥ —M )*

Define the following critical nu iven parking capacity M :

m=m(M)=%-(ct ~tf). (35)

As M <N, itcanbe at m> g N, . Note that Eq.(5) reduces to that defined in Yang
et al. (2013) if G@r t,=0. As shown in Yang et al. (2013), different scenarios can

appear at c equilibrium depending on the values of M", M"“ and M , and their
relatigns to W=7 (M ). For specific auto commuting equilibrium scenarios, one may refer to

Yang . (2013), where three general scenarios and two critical scenarios are discussed in
more details. In this paper, we classify those scenarios into two categories: Category I when

M" 2% (M —m) and Category Il when M" <%-(M —m), where m is defined by Eq.(5) for

given M . For Category I, the arrivals (at destination) of commuters with reservations (r-
commuter) and auto commuters without reservations (u-commuter) are completely separated.
For Category II, some commuters with reservations (r-commuter) have to queue after the last
commuters without reservations (u-commuter), thus the arrivals of this two kinds of commuters
are not fully separated.
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As mentioned, given the parking capacity, M (< N, ) , the travel cost of u-commuter will be
identical to that of transit commuters, i.e., P' =P, =¢,(N-M). And the travel cost of

commuters with a reservation, P/, is

Mr
ot +6-T, Category |
P = . (6)

a

M—-m
o, +y-T, Category II

For Category I, P is increasing in M", while for Category II, P is constant. It can@wn
that P/ <at, +8M/s holds. Therefore, P, <at, +8N,/s<P' =P =c, (N; icating

the commuters with reservation (r-commuter) can enjoy a lower cost tﬂ 03Q, without

reservations (u-commuter). This also means that travelers are willing to ice to obtain a

parking reservation, which is also the motivation of our discussion of reservations
later in Section 4.

In addition, at equilibrium, the first and the last u-commu Q/e at destination at time

. (M’ +M")
t, =t — (7
, S
where M" is the number of u-commuter. I¢ denote the latest arrival time

at the destination of the u-commuters. 4ith Eq'/), we have

; m(M"+M")
L. (M 7 ®)
When the available parking K (a posmve value approaching 0), the latest arrival time

of u-commuters at the deg @ pN 18 ¢ . When the number of public parking spaces is set

to be the possible m@l
is tu’g(]\_fa—M’ 3

. Let 7, (¢) denote the inverse function of 7, (M ”) which represents the

. —M", the latest arrival time of u-commuters at the destination

number of L@m‘[ers with respect to the latest arrival time of u-commuters at the destination.

Since arrival time of u-commuters at the destination is exactly the time when the

public parking space for competition is used up, therefore t;’le (¢) can also be regarded as a

function of the auto demand with respect to the ending time of public parking spaces. Clearly
there is a positive auto demand corresponding to each parking ending time

te (tu,g (0).z,. (N -M’ )) . If no parking space is available before time #, , (0), the number of

u-commuters will be zero. If parking spaces are still available after time ¢, , (]Va -M ’) , there

is indeed no parking space constraint. In this case, whether reserving a space or not makes no
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difference, and M" =N, —M" . After expanding the feasible region of the public parking space
ending time, the number of u-commuters can be rewritten as follows:
0 t<t,,(0)
n(t)=1t"(¢) te (tu’e(O),tu,e(]Va—M’)). )
N,-M" t2t, (N,-M")
Function 7(#) constructs a mapping between public parking space ending time and number of

u-commuters, through the internal Wardropian bi-modal equilibrium. The constfustion of
function m(¢) reduces to thatin Zhang et al. (2011) if we consider the special case T

<
here that all parking spaces are not for reservation but open for competit&x

el

Evidently m(7) is an increasing (but not strictly increasing) function. nction will be

used in Section 3 for computing the equilibrium traffic pattern in

network. 0

3. The bi-modal many-to-one network with p @ce constraints

al many-to-one

Now we consider a bi-modal many-to-one ith™n origins (i.e., “many”’) and the same

destination D (i.e., “one”) as shown in . Each origin-destination (O-D) pair is

connected by a highway with bottleneckyand a parallel public transit line with dedicated right-

of-way. Note that there are some studigs ex

commuting equilibrium in queui

oring the optimal dynamic traffic assignment and
s, €.g., Yang and Meng (1998), Zhang and Zhang

(2010). In the bi-modal man¥sto-ene’network, commuters are living in different residential
areas and they travel to t e @ity center every morning either by driving or taking transit.
For commuters from gdi esidential areas, they do not share the same highway or public
transit, thus there i irget flow interaction among them. However, as they travel to the same

downtown withf{parkiig limitation, they have to compete with each other for parking spaces.
For commu@/ g in the same origin, they not only compete with each other for parking,
but a ith each other at the shared highway and public transit.

In the many-to-one network depicted in Figure 1, for the i-th O-D pair, i.e., from O, to D, let

t; denote the free flow travel time, s, the capacity of the highway bottleneck i, and N,, N,

N,

K

P

1

=c, (N,’[) the total travel demands, the numbers of auto commuters and transit

commuters, and transit cost function, where ie I ={1,2,...,n}, and [ is the set of O-D pairs.

Total number of parking spaces available at the city center is M .
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L 2

Highway —— Public Transit ——é
Figure 1. The many-to-one network with highway an@c ransit

3.1.  Commuting equilibrium 0
Firstly, suppose M is large enough thus there ig no @ge constraint. For given origin
i

O,, under no parking space constraint, the eq ravel costs of auto commuters and

transit commuters should be equal, i.e., P,; i (]Vt,i ) , where ]Va,l. + Nt,i =N,, and ]Va,l.

and ]\_/t, ; are the numbers of auto and it commuters from origin O, respectively. Without

a parking space constraint, the ¢ equilibria for different O-D pairs are independent
of each other. Therefore, th ed equilibrium in the bi-modal many-to-one network will
reduce to a simple summa '

pairs. In this study, we on the case with binding parking space constraints. A binding

parking space const
M <N,

any-to-one network implies that
i (10)
where ZVHJ théypotential auto demand or parking demand for traveler from the i-th origin

0.1 , travelers from at least one origin will have to compete for the parking spaces.

The commuting equilibrium with parking space constraints in the bi-modal many-to-one
network can be determined by a similar approach as that in Zhang et al. (2011), with the help
of Eq.(9) to determine the parking space ending time. Later we will present the procedure to
compute the equilibrium in the many-to-one network with parking space constraints and
parking reservations, which incorporates that in Zhang et al. (2011) as a special case.

Now we turn to the commuting equilibrium when parking reservations are introduced. Denote

the allocation of reserved parking spaces (or parking reservations) among commuters from all
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origins by M" ={M[’} , where 0< M/ < ]Vw. for any ie I . Then, M is the parking

reservations assigned to commuters from origin O,. Note that the commuting equilibrium

without introducing reservations is a special case of our model with M =0 (later in numerical

analysis, we use UE to refer to this situation). For O-D pair 7, denote the auto demand function

with respect to the public parking space ending time, as defined in Eq.(9) by n' (¢). Let ¢,,, be

end

the public parking space (those not for reservation) ending time. Since the total number of
public parking spaces is M - M, we have Y w'(t,,)=M - M. The O-D_pairs can
be classified into three groups as follows: \

1) t:i,e(0+)2tend and Miu:O’iEIl; . Q
(Miu):tend and M >0, iel,; 0&\

2) ¢

3) f;,g(M,-”)<ted and M 20, ie l,;
where I, UZ,UI, =1. For commuters from O-D i€ [, com%@yarking spaces is t0o
0

costly when compared with taking transit thus no one wil drive without a reserved

space. For commuters from O-D ie /,, some of the travélers ®hoose to compete for parking
spaces (u-commuter) and the last u-commuters @fth arrive at the destination just at the
ending time of public parking space. For com om O-D ie [,, given the allocation

M :{M [} , the parking space constraint§ t binding for them, and those without

reservations can always obtain a pu king space before the ending time. Note that 7, ,

where k£ =1,2,3, might be empt;@ east one of them should be non-empty.

Given the allocation M4 "+, we propose the bi-section based procedure (denoted as

Procedure I, which@ be used later in Section 4) to calculate the dynamic user
P

equilibrium with#par ace constraints and mixed supply of parking spaces (two classes:

those for res d those open for competition). In Procedure I, Stage 1 will compute the
publig_par ace ending time through a bi-section based procedure, and Stage 2 will
dete xact equilibrium traffic pattern for each O-D pair i depending on M, and the
resulting £-(M, —m,) . Note that, for O-D i€ I,, the auto commuting traffic pattern at

equilibrium is just the same as that if there is no parking constraint, which is a limiting case of
Category II. The travel costs in this case can still be calculated by using the formulations for
Category II.
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Procedure I: Computing the User Equilibrium Solution

Stage 0: Initialization
Input: N,, N,., N,

wi» N By=c¢,; (NU.) , M ; specific reservation allocation M, .
Compute the N, for each O-D pair.

Stage 1: Compute the public parking space ending time
Step 1-0: Initialization

Define T, =mjn{t;,e(0)} and T, = max{ (N -M! )}

Set a sufficiently small positive number € as the convergence criterion.

Let k=1.
Step 1-1:

Let 1) =% *

If ‘(T, -1, )/‘c,‘ <e, t,,=1"; otherwise, go to Step 1-2. &\
Step 1-2: 0

If Z (t0a) (M Z M; ) ; otherwise, T %
Let k=k+1, go to Step 1-1.

Stage 2: Determine the equilibrium for each origin-d
Step 2-0: Initialization

Calculate the number of u-commuters fo -D pairby M} =7'(¢,,,).
Calculate M, =M +M,and N,

Step 2-1:
Calculate m, with N, = tep 2-0
Step 2-2:
For every ie I, compare M,-m,)
If M) 2% (M, ¢ gquilibrium for O-D pair i is in Category I,
Otherwise, the tum for O-D pair 7 is in Category II.
Note: €=107 is applie paper.

To ease later an@@e commuting equilibrium in the bi-modal many-to-one network, we

Nnow summagi 1 facts about the latest arrival time of the u-commuters defined in Eq.(8)
in th 0110\®emma 1

Lemmajl. The latest arrival time of the u-commuters defined in Eq.(8) satisfying

dt, . (M") o o, (M") 0 o, (M") o o, (M") o, (M")

M’ ON oM o, Js

> 0;

<0. (11

Proof. With Eq.(5) and Eq.(8), it follows

u

(12)

Vg oL g M
fu,e(M )It —E-(Ct(N—M -M )_O('Zf)-l- ;

-10 -
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,  de(N-M"-M")

Let ¢/ = A then ¢/ >0 as ¢, (+) is increasing. With Eq.(12), we have
dt, (M*"
M:—C:+l>0
dM*" B s
ot (M"
ot (M"
%:%'C;>O . (13)
or, (M" \
—( ):l-oc>0 .
ot, B
0, 01)_ Q
s & =0 0

This completes the proof. # 6

Lemma 1 can be applied to the functions of latest arrival ti
pairs, i.e., 1, (-) for ie I. 6

) forie,, NT, M/ L, td,s T

u-commuters for all O-D

Proposition 1. At equilibrium, 1) for ie

indicate M T ; iii) for ie I,, M" =Ny~ M

In Proposition 1, the results in (i re straightforward. Proposition 1(ii) states that for

O-D pair i with ¢, =t,, (N r N,, asmaller M/, asmaller ¢, or a larger s, (while
indi

)

Lemma 1. Suppose t @‘o twg O-D pairs i, j € I,, all parameters are identical except N, > N,

other parameters are ideg

icates a larger equilibrium A . This can be derived from

. Given t,,, =t,({(M )=t/ (Mj), from Lemma 1 and Eq.(13), we have M > M. Similar

analysis ca@plied for M], t, and s,.

3.2 stem performance with parking reservations

Given the allocation of reservations among commuters of different O-D pairs, M", the total

travel cost of all commuters at equilibrium can be written as
TC(M' ) - ZiTCi (Mr ) - zl[Parz 'Mir +Pau,i Mzu +Pt,i '(Ni _Mir -M; )] > (14)

i

a

where for all iel, M/, P/, and P, :B,i:Ct,i(]\fi_Mir_Miu) are from the resulting

equilibrium computed according to Section 3.1. Note that P, is in the form given in Eq.(6).

-11 -
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In Eq.(14), TC, (Mr ) is the total travel cost of commuters from origin O, . The socially optimal

allocation M"" can be determined by solve the following problem:

min:TC(M’) (15)
M
S.t.
D M <M; (16)
M] < N! forall i; (17)

M/ >0 forall i. VIS)
er:M

) ) 2

Now we consider the case when all parking space are reserved to commuters, \

,and M =0 for all i. Denote the allocation that satisfies Z,-M ! l\é n this case,
1

minimizing total travel cost is equivalent to solving the problem in
constraint in Eq.(16) by Zi M/ =M , and remaining the other c in Egs.(17) and (18)

ile replacing the

. Under its optimal solution M"", total travel cost should b

under constraints in Eqs.(16)-(18), .., TC(M"™ )= T

an that by solving Eq.(15)

is is straightforward because

M"" is the optimal solution within a subset of t asi gion defined by Eqgs.(16), (17) and
(18). Therefore, it might be socially pr bl retain some parking spaces open for

competition.

Proposition 2. For any i€ / and :? b >quilibrium we have

dM’
-1<—=L<0.
M’
Proof. See Appendi@ 2

Propositio a at once the number of reservations assigned to travelers from a specific

(19)

origi in s, the numbers of u-commuters from each origin will decrease or at least do
not inctgéise. Moreover, for O-D pair i, as shown in the proof of Proposition 2, the total number
of auto Commuters, i.e., M, =M + M (summation of those with and without reservation),
will probably increase. Note that it is possible that M, does not increase, e.g., when there is

only one O-D pair, or other O-D pairs all belong to group 1 or 3 (boundary equilibrium) such

that M, remains constant.

In most cases, M, will increase as M| increases. If the commuting traffic equilibrium for O-

1

D pair i belongs to Category I, from Eq.(6), we know that the travel cost of r-commuters (those

-12 -
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with reservation) will be P, =o.-¢,+6- M/ /s, , which increases with M, . If the commuting
traffic equilibrium belongs to Category II, P/, = o.-7,+v-(M, —m,)/s, will increase with M
as long as M, increases as well. This is because, if an increase in M, leads to an increase in
M,, then m, =m,(M,) decreases. However, for the case of a one-to-one network, the total

number of drivers M =M™+ M" remains constant even if we increase M . Therefore, travel

cost of r-commuters, P’ =o-¢ ST (M - m) / s, will be a constant as discussed in Section 2.2.

Proposition 3. Forany ie / and j#ie I, where |I|>2,, we have

dTC ’
o rf >0, if j belongs to Category I; &\ 20

1

dTC

J

20, if j belongs to Category Il and M; —0; (21)

dM

where TC; is defined by Eq.(14). 0':
Proof. Based on Eq.(14), %Q

dTC, dP’. dP,
J= @l My ’f~(NA—Mf .
dM; dMm; 7 dM N

(22)

For j that belongs to Category I, witl¥€q.(6), We have dF, ; / dM =0 . Therefore,

drc, dc,, ( am’ .
r 1 Py J)? ( )
am] dn,, | dy @
where ::]’/'i = dz(’]\(/iviMil’_MAj’ ce —1<dM" /dM] <0, we have dTC,/dM] >0. For j

that belongs to Cate ith Eq.(6) and Eq.(22), we have

y de, ; . dc, | dMt
Q J]'Mj_ j'(Nj_Mj)}'dM?' (24)

Lyrd )Mj’ will also approach zero, and be less than ﬂ-(Nj —Mjr)

s; B dn, ; an, ;

—1<dM" [dM] <0, wehave dTC, [dM] 20. #

Proposition 3 is a direct result of Proposition 2. It indicates that if one increases the number of
reservations assigned to commuters of one specific O-D pair, the commuters of other O-D pairs
belonging to Category I would be worse off or at least not better off. Furthermore, if O-D pair

J belongs to Category II, dTC, / dM =20 might not hold when M’ is relatively large. This is

explained as follows. By increasing the number of reservations assigned to travelers from

-13-
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origin O,, the number of commuters from origin O ’ who choose auto mode, i.e., M j’ +M ;’ ,

can decrease, and the highway can be less congested with less traffic. Thus, dP, / dM] <0.1It

is also worth mentioning that assigning more reservations to commuters from one specific
origin, while might increase total travel cost of commuters from other origins (as stated in
Proposition 3), will not necessarily reduce the total travel cost of commuters from this origin.
This will be discussed in the following.

We examine the specific allocation M", under which we have Z,-M =M . Inthis case,
according to our classification of equilibria, the traffic equilibrium of each O-D 4 iting
case of Category [ where M, =0. Also note that if we reduce M, by a certﬁ which
is small enough, the traffic equilibrium of each O-D will still belong to &&

on the situation when M" is close to M" thus the traffic equilibria of dll O-B pairs belong to

e focus

Category 1. Given the above consideration, for a given M , the tot cost is
TC(M")=3 TC! = ZKoc-ti +5. M ]-M; +c, @Mﬁ)-(Ni —M;)}, (25)
i = Si >

where ¢, (-) is the transit cost function for commu oy, origin i, and 7C; is the special
form of 7C, defined in Eq.(14). Note that each M §in'Ed(25) is the equilibrium number of u-

M" . The first-order derivative of Eq.(25)

commuters for O-D pair i which fully dep

with respect to M| is

dTC(M") _ 6)
dM; \@
ot +28- M; 27)
Si
e (NIQI;Q) dc, (Ni -M; _M,~") «(1+ dM} J‘(N,- _Mir) (28)
’ d(N,-M-M) dM]
J J)?

(N, =M -My)dM]
where i =1,2,...,n. By assigning additional reservation to travelers of O-D i, Eq.(27) is the
marginal increase of total travel cost of all r-commuters of O-D i, and Eq.(28) is the marginal
decrease of total travel cost of all other commuters from O-D 7, and Eq.(29) is the marginal
increase of total travel cost of all other commuters from O-D j #i. Note that Eq.(29) is non-
negative according to Proposition 3. While Eq.(27) is only valid when the commuting

equilibrium belongs to Category I, Eqs.(28) and (29) are valid for both Categories I and II.
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Proposition 4. i) If
dTC(M")
dM

max

>0, (30)

M
where dTC (Mr) / dM is defined in Eq.(26), it is socially preferable to retain some parking
spaces open for competition. i1) Furthermore, for any ie 7, if
dTC(M")
M’

1

>0, (31)

MF=M""

a small decrease of M, = M." will lead to a decrease in total cost. .

Proposition 4 is straightforward. If the first-order derivative of total co &\with respect
to a specific M, is positive, total travel cost can be reduced througl%@ M by asmall

amount. In the following Proposition 5, we provide a strongers o for further intuition.

Before doing so, we define

r : — M’
AMC,(M])=| a-, +25. 4 (N-M]) |, ()
N,-M])
forany ie 1. AMC, (M ! ) is the differenc marginal cost of the auto side and the
marginal cost of the transit side whengall par aces are reserved to commuters (then the

number of transit users N,, =N, — M

Proposition 5. 1) As

max{AMCi (M (33)

it is socially prefera@r fain some parking spaces open for competition. ii) Furthermore,
forany ie 7, if

>0, (34)

a sma ¢ of M/ =M will lead to a decrease in total cost.

Proof. According to Proposition 4, regarding the first-order derivative of Eq.(25) with respect
to M/, as defined in Eq.(26), we have

dTC(M’)>
a; (35)
ot 428 . _cti(]vi_Mir_Miu)_dct,i(]vi_Mir_Miu)_( I_Mir)
s, " d(N,-M]-M)

-15-



Downloaded by [HKUST Library] at 23:57 27 October 2015

Revised paper submitted to Transportmetrica A: Transport Science

AtM" =M"", M/ =0 forany i€ I, it follows
dTC(M")
M’

1

> AMC, (M) (36)

MF=M"

M =M

Therefore, Eq.(33) in Proposition 5 implies that Eq.(30) in Proposition 4 holds as well. It is
socially preferable to retain some parking spaces unreserved. Similarly, we can show that

Eq.(34) indicates that a small decrease of M, =M will lead to a decrease in total cost. #

Proposition 5 indicates that when all parking spaces are reserved to travelers, if thﬁ%‘nal

e
hesmore, if

we consider the transit cost is nearly constant, i.e., dc,; (M -M; ) / d (N :

that Eq.(32) approaches AMC, (Ml.’) = ot +28M] /s, ¢, (M —M%

large, i.e., closer to ]\_/a,i , AMC, (Ml.’) is more likely to be positiv

M/ isrelatively

ating it is more likely
" will be small as well, then

parking is very limited, i.e., M is relatively sma ]
AMC, (M l.’) is likely to be negative, indicating ‘that unlikely to reduce travel cost by

maintaining some public parking spaces. T ified in numerical studies.

to be beneficial by retaining some parking spaces opQ petition. However, when

4. Efficiency loss due to tr eservations among commuters

4.1. One-to-one netwo &

Now we consider t@ ere commuters can trade their parking reservations (without

consideration of tra 1on cost). It is similar with tradable parking permit considered in

Zhang et al iu et al., (2014b). Firstly, we look at the case of a one-to-one network.
Und arkingsSpace constraint, a reserved parking space would yield a travel cost saving,
i.e., PQ&LP , where P is the transit travel cost and P/ is the travel cost of r-commuters, which

is discussed in Section 2.2. Thus, travelers would be willing to pay a price no larger than
P — P’ to obtain a parking reservation. Indeed, given the total number of reservations M", the

equilibrium price of a parking reservation should be exactly equal to the cost saving from

traveling with a reservation, which is
p'=P-F. (37)

For the one-to-one network case, given parking capacity M , the transit cost P is constantly

equal to ¢,(N—-M), while P given by Eq.(6) is increasing over M" for M" 2%(M —m),

-16 -



Downloaded by [HKUST Library] at 23:57 27 October 2015

Revised paper submitted to Transportmetrica A: Transport Science

i.e., Category I, and constant for M" <¥(M —m), i.e., Category II. Therefore, the price of the

reservation given in Eq.(37) will be decreasing for Category I, while it will be constant for

Category II, which are shown in Figure 2. Indeed, M" can be regarded as the total supply of
parking spaces for reservation, with the increase of supply, the price of reservation goes down
or at least does not go up. Also note that, when M < m , where m is defined by Eq.(5), as the

difference of M —m will be always non-positive, M" >1(M —m) holds. It follows that the

equilibrium in Category II will never arise. In this case, the price of reservation is depicted by

the right panel in Figure 2. \
A pP \ pP .
M>m M<m &\

n

M Q | M

0 L(M -m) M 4 M

v

Figure 2. The price of parking reservation under the commuting equilibrium in the one-to-
network

Note that the left panel of F@ price of reservation in Category II is only valid in the

one-to-one network case, cause, as discussed in Section 3.2 after Proposition 2, in the

case of a many-to-on an increase M, for one specific O-D i might yield an increase

tum belongs to Category II (due to the network-wide interaction

in P/, even if tg
among trav. gh parking competition). Then, the price (value) of a reservation for
trav of will not be a constant. This is also briefly discussed in the following section.

4.2. any-to-one network case

In the many-to-one network, the parking reservations might be traded among commuters from

different origins. In this case, as the total number of reservations M" distributed to the

population is identical, the resulting allocation of reservations among O-D pairs, M" = {M i’}

will be identical, which is a result of joint equilibrium of modal-split and traffic pattern in the
network and trading of reservations in the market, i.e., equilibrium of both travel and trading.
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Trading of reservations will occur between commuters with different values of reservation, as

long as commuters with lower values still have positive number of reservations.

For ease of presentation, the set of all O-D pairs / is divided into two subsets /, and /, in the
way that at equilibrium, if M; >0, ie I, and if M =0, ie I,. Note here when we consider

trading of reservations, M, is used to denote the equilibrium number of reservations for

commuters of O-D i after trading, which is also the equilibrium number of r-commuters for
this O-D. Further study may consider issues related to initial distribution of reser%to
1

travelers as considered in Liu et al. (2014b). For commuters of O-D i€ [ , the ium
parking reservation price is given by *
p'=p'=F,~F. \ (38)
The price should be identical for any O-D i€ [, . Otherwise, tradin arking reservations
will occur, i.e., those with higher p/” will buy reservations from t ith lower p/, and both

sides of the trading can benefit from it. For commuters of ‘@Q-D ‘pair i€ /,, the value of a

reservation is Q
pl =P —P'<p, (39)

where p” is determined by Eq.(38). Note that Leqdal sign” of the inequality in Eq.(39)

holds in the boundary case, where M, =0 is just equal to the price determined in
Eq.(38). As mentioned, for ie 1,, M This means that, travelers from these origins will
benefit from selling out their re (if some reservations are assigned to them at the

initial reservation distributi ey have to compete for parking or take transit; and if
they do not have a reservation

expensive for them, i.e.,

with the reservation.

As discussmlgon 4.1, in a one-to-one network, the price of reservation is constant

") if the equilibrium is in Category II because P, is constant. However in

-to-one network, as discussed in Section 3.2, P;; might increase with M| even if the

equilibrium for O-D i belongs to Category II. It follows that the value of reservation for

commuters from this origin might decrease with M, (in the case of Category II).

The optimal allocation of reservation M" minimizes the total travel cost given in Eq.(14), and
we have
oTC(M") ATC(M")
M M’

! M" :Mr* J

: (40)

M =M""
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for any i, je I, where TC (Mr) is given in Eq.(14). However, the equilibrium allocation of

parking reservations after trading will satisfy the following conditions,
pp :Pt,i—Pa’,iSp”, (41)

1

M7 (p? - p)=0. 42)
The trading equilibrium determined by Eqs.(41) and (42) usually deviates from Condition

Eq.(40). This means that trading of reservation among travelers will probably lead to non-
optimal allocation of reservations among travelers from a system perspective. This is later

verified in numerical studies. \

At the joint equilibrium of travel and trading, Eqgs.(41) and Eq.(42) should h x tion to
the traffic equilibrium conditions. By taking the advantage of the Procedu& ection 3.1,

we then propose the heuristic (Procedure II) to compute the joint equili Procedure II,
Step 0 computes the traffic equilibrium given the current M", an% djusts M" in the

direction to satisfy conditions for trading equilibrium.

Procedure II: Computing the User Equilibrium wit

Initialization:
Input: N,, N,,, N,;, B, =c,,(N,,
Compute the N, , for each O-D pai
Set M| = 7“" ~M’ as an ini olution.
Adjust the M
Step 0:
Use Procedur ute the traffic equilibrium.
Set k=1.
Step 1:
— — Zip’p_M’r
, caleulate p” =B, —F,; calculate p” ==
r every iel):
p >pp Mr(k“) —mln{N M’ +N,, %-(ﬁ—‘i—l)}, and let ie I’;

therwise, M/ ) - Mi and let ie I”. (End of Loop 1)
Loop 2 (for every ie I):
If p” > p* MrED ).

Otherwise, M) = LA -(M -

S (®) ) . (End of Loop 2)

jer'
Step 2:

If Iz PPMZA;E LR |< g, stop, and let M =M/

Otherwise, let M/ M () "and k =k +1, then go to Step 1-0.

(k+1)

Note: € =107 is applied in this paper.
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5. Numerical study

In this section, we will present some numerical analysis to illustrate the essential ideas in the
paper. In our analysis, following Liu et al. (2015b), the value of time and schedule delay
penalties are: o.=9.91 (EURS$/hour), 3 =4.66 (EUR$/hour), y=14.48 (EURS$/hour) .

5.1. Two-to-one case \

Firstly, we look at the two-to-one case, and we take the symmetric case as a beachiy
t,=25(min) , N, =2500, s,=30(veh/min), c,, (N, &

t,) cOl+Cll><Nt

¢,; =0.001 (EURS$/person) for i=1,2. By “symmetric”, we mea t@racteristics and

parameters for both O-D pairs are identical. The potential auto for each O-D pair is
then ]Va,l. =1477. We consider M =2000, and M; =500 fogbothyi=1,2. At the bi-modal

equilibrium, M, =500, the price of reservation is p” =@9 (EURS) for both i=1,2.

When all the parameters for O-D 1 are fixed, w k at how changing those for O-D 2,

ie, N,, t,, s, and ¢, , would affect the ¢ g equilibrium. Figure 3 shows how these

four ratios, i.e., pf/(p2 , MY / M” Mz/

—_

), and Na,z/(ﬁa,z )b , vary with the ratios

[

Nz/(N2 (in Figure 3(a)), Figure 3(b)), S2/(S2)b (in Figure 3(c)) and

Cos / (co , ) (in Figure 3(d)). t the subscript 'b' corresponds to the benchmark case

(symmetric case). Q

Figure 3(a) shog e four ratios increase if we increase the travel demand N, . This

indicates th s more travel demand from origin 2, the cost saving (value or price) of a
reseryati igher, more commuters will choose to drive without reservation (however, it is

parking limitation), total number of drivers (both those with and without reservation) increases
(however, it is upper bounded as M, =500 and M) is upper bounded by 1000), and the

potential parking demand increases.
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The Ratios (compared with benchmark case)

Th

(c) Ratios vary w1th@

Figure 3. Comparison

LMy f(My), M, (M,

5]

(d) Ratios vary with ¢, , / (co’2 )b

and ]Va,z/(ﬁa )

),

t,,1.e., incre t, , and if we increase the roadway capacity s, , and if we increase fixed

Figures 3(b), 3((@@ show that the four ratios increase if we decrease the free flow time

transigcost y decreasing ¢, , increasing s,, and increasing c, ,, it means for commuters

from n 27 driving becomes more attractive (either driving becomes less costly or taking
transit becomes more costly). As a result, the cost saving (value or price) of a reservation is
higher, more commuters will choose to drive without reservation, total number of drivers (with

or without reservation) increases, and the potential parking demand increases. Figure 3(b)

shows that the increasing rate of these four ratios are decreasing as (1,), / t, increases. Indeed,

the four ratios are all upper bounded by the values when ¢, = 0. When we increase s,, the

, M} / M ) s M, / (M,), are upper bounded by the values when s, — oo

ratios p? / ( p2 2),

Figure 3(c) shows that when s, / (s,), 22.5, these three ratios almost remain constants.
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Furthermore, the ratio of potential demand Na,z / (Na,Z )b is upper bounded by
1.69=2500/1477 as ]Va,z <N, =2500. In Figure 3(d), it is shown that pf/(pf )b always

increases as ¢, / (002)1; increases. This is because, when transit becomes more costly, the

saving from a reservation would be larger. In Figure 3(d), similar to those in Figure 3(a),

M) / (M 5 )b 1s upper bounded by 2, and M, / (M,), is upper bounded by 1.5; and similar to

\W

When all parameters for O-D pair 1 are fixed, Figure 4(a) presents how incr@si@ would

influence p/, p{, pl,, where pf, =(M[ - p! +M;-pl)/M" . Figure 4(@

would affect M| and M, as well as M, and M, . Figure 4(c) present@

b

that in Figure 3(c), Na,z / (]Vaj2 )b is upper bounded by 1.69.

ow this

ravel costs vary

with M, . Figure 4(d) shows when commuters can trade their res s, how the resulting

equilibrium travel cost and the price of reservation will be different$om those when trading is
not allowed. Note that in the cases without trading @ ations, the average price

pl. = ( M- pl+M;-py ) / M" can be regarded as m e cost saving from a reservation

(for all commuters). In the cases with trading, e to the price of a reservation at the

trading market, and also the cost saving b with a reservation.

commuters from origin 2, i.e.,

because, at equilibrium, M

commuters of O-D 1, tra¥

is more costly. Th

between p/ an@

Figu s that not only M/, butalso M, decreases with M, , which is consistent with
Proposition 2 in Section 3. Furthermore, in Figure 4(b), M, = M, + M, increases with M, .
Note that, as shown in Figure 4(b), when M, =M =500 (the benchmark case), we have
M =M; =500, and M, =M, =1000. As shown in Figure 4(a) and Figure 4(c), the price of

reservation, and the total travel cost of commuters are identical for each O-D pair.

I

Figure 4(c) shows the travel cost of commuters of O-D 1 increases with M, , which is

consistent with Proposition 3 in Section 3. As mentioned in Section 3, assigning more

reservations to commuters from a specific origin does not necessarily reduce total travel cost
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of them. This is depicted in Figure 4(c) as travel cost of commuters of O-D 2 (the blue dash-

dotted line) increases with M, after it reaches its minimum at A =965. In Figure 4(c), the

red dashed line is the half of the total travel cost of all commuters, which is the average of the
blue dotted line and blue dash-dotted line.

O-D pair I (r)
= 0-D pair 2 (r)
4 T T 1500 — 0-D pair 1 (u)
0-D puir 1 e i i 0-D pair.? (u) /
- L 5 —==0-Dpair2| O-Dpelr 1 (ru) _,/
g -\.\_ — — — Average SR 0-D pair 2 (r+u) - e
)
& 2
= 5 1000
|O j
§ k=
o
5 5
7 2 e
s g .
© 500
=) i
1 4
i .
& .
s (b)
. .l
0 . | . 0 i | .
0 500 1000 0 500 1000
Reservations assigned to O-D pair 2 Reservations assigned to O-D pair 2
< 10% Total costs (EURS) 3 10*
1.95 . . 3 . - 3.7
........... 0-D pair 1 § ™~ 3
| O-D pair 2 5 “_ <
1.9 _\_\ - = = Average | a g Ui """‘\-..\‘ Price (trading)
. % = =~
& \ .S “k\a
5 -\. § 2 _ e \";.\ i :..-. 3_6
L P W . J
=, 1.85 \’\ 5 o (no trading) >, S~
2 \ 8 L
ol \ i —:, . L e
\ =} cx S W’
g 1.8} \\ \ A z Cost _ __.\\\
z % a 21 L %y, 88
E o - E. * %
1.75} - e S | e
\\ 7 g Cost (trading)
(c) R il > (d)
I <
1.7 : ' 0 ; ' 34
0 500 1000 0 500 1000
Reservations assigned to O-D pair 2 Reservations assigned to O-D pair 2

Figure 4. Equilibrium under varying M, in the two-to-one case

Figure 4(d) further shows that if we allow travelers to trade their reservations, how the
equilibrium travel cost and the average price of reservation vary with M . Note here, since all

characteristics for the two O-D pairs are identical except the reservations, given the total
number of reservations, the optimum (in terms of minimizing total travel cost) coincides with
the trading equilibrium. Therefore, in Figure 4(d), the red dotted line (for trading equilibrium)
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is under the blue dotted line (for non-trading equilibrium). Furthermore, the price of reservation
at the trading equilibrium is higher than the average price at the non-trading equilibrium (the
red dashed line is above the blue dashed line), indicating averagely the cost saving through a

reservation is higher in the trading equilibrium case.

Table 1. Parameters for three cases: symmetric, asymmetric 1 and asymmetric 2

Symmetric case Asymmetric case 1 Asymmetric case 2
cz,i(NZ,i) 6.0+107° XN, 6.5+10° XN, 754107 X N,,
N, 2500 2750 300
t, (min) 25 22 ¢
s, (veh/min) 30 25 XX
N,..N,, 1477,1477 1477,1676 ,2051
Figure 5 (a) (b) (c) (d) ()
M 1500 2500 1500 1500 2500
M .M, 0,0 0,0 0,0 0,0 0,0
TC(UE) 38750 36250 42722 48474 45753
M ,M] 750,750 800,800 555,945  841,1099
TC(SO) 35522 33763 43178 40864
M ,M; 750,750 800,80 746,964 | 357,1143  682,1258
TC(UET) 35522 38814 36855 43437 41031
M, M; 750,750 1 605,895  1129,1371 | 388,1112  929,1571
TC(SOB) 34420 37510 34071 41564 37301
e 75 52% 76% 54% 77% 58%
Note: All costs T $

Table 1 sun@ the parameters of O-D pair 2 for the examples in Figure 5 while those of
O-D entical to the benchmark case. In Table 1, 7C (UE ) is the total travel cost

when r@servation is not introduced, which corresponds to the point (0,0) in Figure 5; and

TC(SO) is the total travel cost when the optimal allocation is introduced given the parking
capacity, which corresponds to the star-marked point in Figure 5; and TC (UET) is the total
travel cost when total number of reservations is identical to that under 7C (SO) , but we allow

travelers to trade, which corresponds to the circle-marked point in Figure 5; and 7C (SOB) is

the minimum total travel cost can be achieved (congestion at highway is eliminated, the joint
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result of allocation of parking spaces among different O-D pairs and modal-split for each O-D
pair are optimal).

e M=1500{ <4 L M=2500)]
o 1500 a 1500
o ] )
— —
< 1000 @ 15 1000/ |
= =
2 g
= =
z 500 z 500
] L]
0 :.\\\\ 0 — . .
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Figure 5. Total cost contours for six cases

For Figures 5(a), 5(c) and 5(e), parking capacity is relatively small, i.e., M =1500, which is

0.51N, for symmetric case, 0.48N, for asymmetric case 1 and 0.43N, for asymmetric case
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2. TC(SO) is achieved at the boundary of the feasible domain of (M LM ) , denoted by the

star-marked point, indicating it is socially preferred to reserve all parking spaces to commuters
to avoid costly competition for parking. However, in Figures 5(b), 5(d) and 5(f), parking
capacity is relatively large although it is less than the potential demand, i.e., M =2500, which

is 0.85N, for symmetric case, 0.80N, for asymmetric case 1 and 0.71N, for asymmetric case

2. TC(SO) is achieved at the interior of the feasible domain of (M 7 ) , denoted by the star-

marked point, indicating it is socially preferred to retain some parking spaces open for
competition to separate arrivals of r-commuter and u-commuters, and thus tempora relieve
traffic congestion.

As we see from Table 1, from symmetric case — asymmetric case 1 — Q ase 2,
t

the characteristics for the two O-D pairs become more asymmetric. It fo the total cost
contours in the feasible domain of (M M ) become more asy s shown in Figure 5.
We also note that, the combination of M| and M, at the equlhbrlum (the circle-
marked point) moves further away from the optimal all the star-marked point) as the

two O-D pairs becomes more asymmetric. Howeve%‘ urrent example, even if the two

O-D pairs are relatively asymmetric (Asymmet e efficiency loss due to trading of

reservations is relatively small for both afnd M =2500, as one can see in Table 1
(43437 and 41031 for UET while 43178 an for SO). However, if the two O-D pairs
become more asymmetric, the efficie ill be even larger. Later in the five-to-one network
example, we will show the efﬁc1@ e to trading can be fairly large.

In Table 1 TC(UE)TC(S0) 4

» TC{UE)TC{508) of travel cost reduction by the reservation system to the

maximum travel cos (the maximum potential), given the current travel demand,

apacity and transit cost. We can see the reservation system is quite

TC(UE)-TC(SO)
> TC(UE)-TC(SOB)

efficient, as i
. . . TC(UE)-TC(SO) . .
as t 0 Q) pairs become more asymmetric, the ratio —————= increases, 1i.c.,

TC(UE)-TC(SOB)

parking capacity,

is all above 52%, and can be up to 77% . Furthermore,

75% 6% — 77% for the case with M =1500, and 52% — 54% — 58% for M =2500.

TC(UE)-TC(S0)

Besides, =5 7erson)

is larger for cases with smaller parking capacity. This is because, when

parking capacity is smaller, the costly schedule delays due to competition for parking, which
are the major inefficiencies, can be sharply reduced through reservation.

5.2.  Five-to-one example
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Now we present a numerical example of a five-to-one network for further insights. Table 2

summarizes characteristics for each O-D pair in such a network.

Table 2. Summary of values of parameters and variables

O-D specific Parameters O-D pair

1 2 3 4 5
Travel demand N, 3000 2000 3000 2000 2500
Free flow travel time ¢, (min) 24 30 26 35 20
Highway capacity s, (veh/min) 25 18 25 25 &
Fixed transit cost ¢,, (EURS) 5.5 6.0 5.8 6. 5
Variable transit cost ¢, (10° EUR$/person) | 1 1 1 g&
Potential auto demand N, 1354 714 134 1552

Table 3 further presents the results of the five-to-one netwo@e situations. In Table 3,
OUE corresponds to the case without parking spaces cquiStraits, and UE corresponds to the
case without reservation introduced (but with a parki e constraint), and SO is the case
with optimal allocation of reservations among hen total number of reservations
is equal to that for SO, UEP is the case th
pair are proportional to their potential dema d UET is when trading of reservations is
allowed. Note that UE(1), SO(1), UEP) and UET(1) are for the case with M =4880, while

UE(2), SO(2), UEP(2) and UET(2) a e case with M =2000.

rs of reservations assigned to each O-D

In Table 3, for each situatior& ent the numbers and prices of reservations for each O-D

pair and as well as the t el cost. TC,,, corresponds to the minimum travel cost given

the travel demand, acity, highway capacity and transit cost (generally cannot be

we define t =(TC(UE)-TC)/(TC(UE)-TCy,;) to measure the relative efficiency

ation. Note that TC(UE)—TC is the travel cost reduction compared with the

As shown in the third row of Table 3, given the same parking capacity M and M", for a
specific O-D pair i, p/ decreases with M, (for the three situations of SO, UEP and UET).
Also, in three cases, i.e., SO(1), UEP(1) and UET(1), for O-D 4, M, =0 when a positive

number of public parking spaces are open for competition, indicating competing for parking is
too costly for commuters from O-D 4. In this case, O-D 4 belongs to group 1 where

t, (0+) >1,. as discussed in Section 3.1. When we look at O-D pair 5 in the case of UEP(1),
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we see that the total number of drivers is M, =916+ 636 =1552, which equals the potential

demand in Table 2. In this case, O-D pair 5 then belongs to group 3. The current allocation of
reservation assigns quite a lot reservations to commuters of this O-D pair, and those without
reservation can always obtain a public parking space before the ending time as discussed in
Section 3.1. Similarly, in the situation of UE(1), O-D pair 4 belongs to group 3. Given the
parking allocation, for commuters from O-D pairs belong to group 3, the parking space
constraint is not binding for them. Therefore, the travel cost of those with and without
reservation is identical, which is shown in the fourth row of Table 3, and the value of a

reservation is zero, which is shown in the third row. \
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Table 3. Summary of different cases in the bi-modal five-to-one network

OUE UEQ) SO(1) UEP(1) UET() UEQ2) SOQ2) UEP(2) UET(2)
M 5393 4880 4880 4880 4880 2000 2000 2000 2000
M 0 0 3183 3183 3183 0 2000 2000 2000
(»") (0) (149)  (1.36)  (0.84)  (0.77)  (3.40) (2790  (277)  (2.69)
0,1354 0,1220 773,454 799,460 847,451 0,552 578,0 502,0 552,0
(0) (1.85)  (149)  (130)  (0.77)  (3.98)  (256)  (2.85)  (2.69)
0,714 0,662 574,108 421,146 502,133 0,146 216,0 265,0 86,0
g (0) 0.92)  (049)  (1.10)  (0.77)  (2.90)  (2.13)  (1.92)  (2.69)
”p ! 0,1345 0,1212 772,447 794,454 845,444 0,545 583,0 499,0 543,0
(p7) (0) (1.83)  (147)  (1.33)  (0.77)  (3.96)  (2.55)  (2.83 %)
0,428 0,428 372,0 252,0 157,0 0,0 25,0 @15 0,0
(0) 0.00) (0.16)  (0.50)  (0.77)  (122)  (1.15) & (1.22)
0,1552 0,1362 692,686 916,636 833,668 0,757 599.,0 %, 820,0
(0) (2.87)  (247)  (0.00) (0.77)  (494) (35 58)  (2.69)
7.15 7.28 7.27 7.24 7.20 7.95 92 8.00 7.95
(7.15)  (543)  (5.78)  (5.94)  (643)  (3.96) (5.14)  (5.26)
7.29 7.34 7.32 743 7.37 7. . 7.74 791
(729)  (642)  (6.83)  (633)  (6.59) (5.66)  (5.82)  (5.24)
P, P 7.46 7.56 7.58 7.55 751 8.2 8.22 8.30 8.26
() | (746)  (576)  (6.11) (622 (6.7 9)  (5.66) (547)  (5.57)
6.79 6.79 6.81 .00 6.99 6.92 7.00
679  (6.79)  (6.65) . (5.78)  (5.84)  (6.15)  (5.78)
7.45 7.64 7.62 0 8.24 8.40 8.42 8.18
(745) (477 (5.15) 6.73)  (3.30)  (4.90)  (4.84)  (5.49)
21438 21841 20664 20954 23843 22263 22561 22362
14572 14676 143 14343 15707 15111 14963 15597
TC, 22365 22764 21@ 21598 21882 24765 23164 23490 23314
13572 13572 & 13621 13722 14000 13946 13720 14000
18622 1909 18620 18106 20607 18907 18997 18247
C 90570 540 88922 89008 98922 93392 93730 93520
TCypp 81953 2701 82701 82701 91866 91866 91866 91866
0 - 48% 33% 32% 0 78% 74% 77%
220, L1, 2121, 2121, L1, L1, L, LLLL,
Category
2 2 2 2 2 1 1 1 1
Again, We see the reservation scheme is efficient in reducing travel cost, as 0 is above 32%

for the six situations where reservation is introduced, and can be as large as 78%. However,
when comparing SO(1) and UET(1), we see a efficiency loss of 16% due to trading of
reservations. This means that we probably should prohibit commuters from trading their
reservations. Furthermore, we see the major contributor of this loss is the increase of travel cost

of commuters of O-D pair 5, as can be seen by looking at the increase of 7C (from 17346 to

18106). This increase is due to a more congested highway as travelers from this origin will buy
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reservations from other commuters, i.e., the increase in M, (833> 692 ) leads to an increase

in total number of drivers (833 + 668 > 692 +686).
5.3.  Convergence of Procedure I and Procedure Il

Figure 6 shows convergence of the proposed Procedure I and Procedure II in the two-to-one
example. Figure 6(a) depicts the errors defined in Procedure I and Procedure II for computing

(Tl -7, )/Tl

I{ter(“l), ‘ ip‘M{(k) X i . .
|, S 3}(‘: I , against the number of iterations; whil (b)
M 'S

depicts how the prices of reservation and public parking space ending{\ ve over
a

iteration. f

100 T T T T T 115 T

traffic equilibrium (without trading), i.e.,

, and for computing joint equilibrium of

travel and trading, i.e.,

—— Average Price p —*—A\j’cragc Price
—-o -Ending Time f —¥-Price (O-D 1)
L1 --e--Price (O-D 2) | T
i - e -Ending Time
10 ii 7
- LOS i f\ 1
“0\\& R l.Ij \
= N 5 A \i; \
E G‘\ID 1 ‘\ ’P* -0 ©O- ©-6 -0 0- ©-06 -4
oo 4 8 ey
10 e i
\'RS Iy,
~ ‘B\ I lll f
v 0SS *
[
I
10 091 |
¥
_ 085——
6 8 10 12 14 2 4 6 8 10 12 14
Number of iteration Number of iteration
(a 0 ainst iteration (b) Prices of reservation and ending time
0 igiire 6. Convergence of the proposed Procedures I and II
Note computing the joint equilibrium of travel and trading, in each iteration, we have

to run Peocedure I to compute the traffic equilibrium. Thus, there would be one error curve for
ending time (red dashed line in Figure 6(a)) and curves of ending time (red dashed line in
Figure 6(b)). In Figure 6, we choose only one as an illustrative example. The values in Figure
6(b) are normalized through being divided by the final solution, so that all the curves
approaches 1 after certain numbers of iterations.

6. Concluding remarks
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In this paper we examine how the binding parking capacity constraints re-shape the rush-hour
traffic patterns in a bi-modal many-to-one network. Several properties of the commuting
equilibrium with parking space constraints and parking reservation are discussed. Procedures
for computing the dynamic user equilibrium with a parking space constraint (either trading of

reservations is allowed or not) have been proposed.

Particularly, we show that parking reservation system can help reduce deadweight loss due to

parking competition and roadway congestion. Furthermore, it is shown that assigning more

reservations to travelers from a specific origin does not necessarily reduce total tra%of
1

them, while doing so can lead to an increase in travel cost of travelers from other ur

large, it is socially preferred to retain some parking spaces open for cosfip This is

1vals of those

analysis also indicates that when parking supply is less than the potential denﬂx tively
ctitio

because, by retaining public parking spaces, we indeed separate departur,
with and without reservations. Thus, traffic congestion is temporallygeli However, when
the total parking supply is relatively small, all parking spaces s reserved to travelers

to avoid costly competition for parking.

We also show that trading of reservations among t Ql yield an efficiency loss. As

shown in the numerical example, this loss is le haracteristics of all the O-D pairs

are more similar. However, as shown in th network example, the loss of efficiency

can be up to 16%, thus trading should be prohi . However, when the loss due to trading is

relatively small, we may allow people ade aS prohibiting trading can be costly in practice.

While the current study adopts z@)r with multiple independent traffic corridors, further
1

study may consider a linear th multiple origins and one destination as in Tian et al.

(2007). In this case, if w ofisider single bottleneck congestion at the end of the corridor,
the model would be r to the one-to-one traffic corridor case discussed in Section 2
and Yang et al. e difference is that, commuters from different origins along the

corridor will havg different free-flow travel times). However, if we incorporate dynamic traffic
congestion @longghe corridor as Arnott and de Palma (2011), the problem would be much more
chall ch is one of our priorities for future research. We may also analyze the impacts
of limitgd parking in a general multi-modal network. We expect similar trends as those in this
study even for a general network with more complex traffic dynamics. This is because, the
qualitative impacts of parking limitation and parking reservation will not change, i.e., parking
limitation forces people to travel earlier or shift to public transport; parking reservation offers
flexibility in mode and departure time choices.

The current paper considers all the travelers as regular morning commuters. Future study may

take into account two classes of travelers: regular and occasional commuters. In this case,

parking operators might be more willing to provide parking reservation services to the regular
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customers (e.g., by charging less). We will explore how to set the differentiated reservation
prices, and efficiently allocate the reservations among these two classes of travelers. Besides
considering prices of parking, we may also link parking duration with scheduling of daily work
activities, morning-evening commutes such as that considered in Zhang et al. (2005).
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Appendix. Proof of Proposition 2 0

Proof. We prove Proposition 2 by looking at the ca% | >2 where h=1,2,3, while the
i

project

other case where |I h| < 2 is much simpler and P can be verified. Suppose there is a
marginal increase AM; >0 in M, , which ufficiently small. Note that the case with

AM <0 is similar.

Part (i): i€ I, @

Suppose i€ 1, as AM] >, sthall enough, then for je /,UI,, AM =0. Now we look at
t exist at least one O-D pair denoted by k€ I, such that M|

those je I,. Firstly@
decreases, i.c., p gotherwise we have the contradiction that Zi(M [ +M l“) >M.

We @1’[ if there exists an ke I, thus AM' <0, then for any je I,, AM <0 by
contradiction. Suppose for some j, we have AM! >0. Since AM, <0 and M, remains
constant, M, +M, decreases. It follows that c,, (Nk—M L —M Z) increases. Further with

Eq.(12) and AM} <0, the ending time of public parking spaces ¢, , becomes earlier. For those

end
J with AM? >0, we have that M+ M increases or at least does not decrease, and

¢ (Nj -M; —M}‘) decreases or at least does not increase. With Eq.(12) and AM; 20, the

ending time of public parking spaces ¢, , becomes later or at least not earlier, which is a

contradiction.
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According to the above, we easily see that given AM; >0, for any je I, we have AM? <0.

As AM] >0 can be sufficiently small, we have dM? / dM <0. Furthermore, by noting the

fact that z; dM;/dMl.’ =—1, we have de‘f/dM,.’ >-1.

Part (ii): ie [,
Suppose i€ I,, as AM; >0 is small enough, then for je I,UI,, it can be Veiﬁed that

AM? =0. Similarly, there must exist at least one O-D pair denoted by ke I, s

decreases, i.e., AM, <0, otherwise we have the contradiction that Zi (M I+
AM| <0, we consider two possible cases: k =i or k #i. Similar to trg or Part(i), we

can show that if there exists an /€ I, #i, thus AM, <0, then for a%

contradiction. Now we discuss the two possible cases: k =i @

If k+#i, since AM, <0, based on the analysis above, any jel,#i, AM; <0, and it

i, AM; <0 by

mes earlier. Given this result, it

20 , M +M increases, and

follows that the ending time of public parkin

suffices to show that AM; <0
ct’i(Ni -M]-M/ ) will decrease. With Eq. nd AM; >0, the ending time of public

parking spaces becomes later, which ontradiction, and AM;* <0 holds. This means for

any j, whether equal to i o@ve ;<0,and dM? / dM] £0.

If k=i,and AM <0. \ he above analysis, it suffices to show that for any je 1, #1i,
AM?; 20 will lead nteadiction. Suppose for some j#i, we have AM} >0. Then,

similarly, the ending $ime of public parking spaces becomes later or at least not earlier. Note

that this ending tfine is also that for travelers from origin k =i,as AM, <0, with Eq.(12), one
can tc, (N ,—M; -M Z) should decrease. It then follows that M, + M, will

increaseYand note that this also means

i |- As for any j#i, we have AM? 20

and M remains constant, thus M’ + M will increase or at least do not decrease. We thus
have z;(M P M ) > M , which contradicts the fact that Zj:I(M M j‘.‘):M . We then

conclude that for any j, whether equal to k£ =i or not, AM <0, and dM; / dM! <0.

-33-



Downloaded by [HKUST Library] at 23:57 27 October 2015

Revised paper submitted to Transportmetrica A: Transport Science

In summary, given that ie 7, and AM; >0, for any je I, we have AM <0. As AM; >0
can be sufficiently small, we have dM; / dM] <0. Since Zj‘:l am’; / dM; =-1, we then have

dM" [dM] = -1.

Part (iii): ie 1,

Suppose i€ 1,, as the parking space constraint is not binding for commuters from origin i, it
follows M =N, ,—M/. As AM] >0, we have AM =—AM <0. For all othergjzi, we
have AM? =0. It is straightforward to see —1<dM / dM] <0. This comple’tes t & #
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