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ABSTRACT All smart parking management systems (SPMS) have incorporated the dynamic pricing into its
features and capabilities. The collection of parking fees on a corresponding spot has been dependent on either
its time- or space-value, with most SPMS utilizing temporal-based parking fee collection. However, little to
no study has been conducted to assess or evaluate these pricing schemes according to its friendliness and
economics towards both parkers and business operators. In this work, we evaluate two current temporal- and
three proposed spatiotemporal-based dynamic parking pricing methods by computing their social optimum
range and economic effects to both users and parking management entities. Our extensive analysis utilizing
both empirical mobility traces and driver parking duration behavior provide important insights in the current
pricing setups and present necessary adjustments in improving parking fee collection that contribute to

societal benefits.

INDEX TERMS Dynamic parking pricing, fixed, linear, min-max, adaptive, complementary rate pricing.

I. INTRODUCTION

While the number of vehicles on the road increases exponen-
tially, transportation infrastructures such as roads, highways,
and parking spaces remain relatively constant and are becom-
ing scarce. As the ratio of vehicles to infrastructures is getting
larger, managing transportation structures becomes immi-
nent, e.g., optimized traffic flow in highways [1], reduced or
minimized road accidents [2], and optimized usage of park-
ing lots [3]. In efficiently managing car garages, one way of
reducing congestion and maximizing space usage is the impo-
sition of tariffs and collectible fees from vehicles. When using
vacant and available parking lots, appropriate and dynamic
pricing fees are applied to discriminate parkers and allow
congestion control. For example, commercial establishments
offer self-service, valet, and online reservation parking [4].
In the collection of appropriate parking dues, some previous
studies included the walking distance covered, reservation,
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and estimated time of arrival in their parking payment [S] and
cruising time and parking limitations [6].

With the advent of sensor electronics, wireless technolo-
gies, and cloud computing, there has been an abundance of
published smart parking management systems (SPMS) aimed
in pollution reduction and user convenience in their smart
parking management system [7]. Most of all, SPMS should
maximize profit and optimize vacant space usage [8]. In max-
imizing parking revenues, dynamic pricing has been imple-
mented that considers both the temporal and spatial values of
a parking slot, such as peak and off-peak hours, and street and
covered parking areas [9].

While these SPMS provide optimal solution to their respec-
tive objectives, pricing has always been biased towards busi-
ness operators, which, understandably be the case since they
can dictate the price of their own properties. However, there
is no existing study yet that evaluates and analyzes the vari-
ous parking price friendliness to parking users, or how can
it be sustainable to the parkers. Empirically, land proper-
ties appreciate in value, therefore, parking fees will defi-
nitely increase as time goes on. Given this land appreciation,
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we evaluate these dynamic parking pricing schemes and pro-
vide decision-making criteria that will allow users to avail or
not to avail the parking space any time of the day, and even
decide based on a monthly basis what will be their chosen
car garage for work or leisure. In this work, we define the
parking price as the payment of a user for the time duration in
the parking facility. The time duration includes the following
activities, namely, 1) upon entry at the garage toll booth,
2) searching for a parking space, 3) parking appropriately,
4) attending to the day’s business, 5) returning to the vehi-
cle, and 6) leaving the parking premises. We disregard the
total travel time from origin to a parking slot and the online
reservation system.

Under the premise that the number of parking spaces are
fixed and depleting, we extend the analysis of our earlier
work [10] by categorizing dynamic parking pricing meth-
ods according to its time and space-time dependence values,
thereby, assessing five dynamic parking methods. To make
the evaluation realistic and extensive, we employ various
parking duration behaviors based on empirical mobility
traces, survey, and long-duration parking scenarios. We then
compared each pricing method based on various perfor-
mance metrics. The framework of our evaluation is shown in
Figure 1.

Terr.xp_oral Dynamic Performance Metrics
Parking Pricing Schemes 1. Social Optimum
Customer Measure
Arrival 2. Monthly Parker
Distribution Spatiot_empo_ral Expenditure
Dynamic Pricing 3. Parking Density
Schemes

FIGURE 1. Framework for the assessment of various temporal and
spatiotemporal dynamic parking schemes.

Since we do not present any ‘smart’ features, this work is
fitted for parking businesses and commercial centers unwill-
ing to upgrade their car park infrastructures and simply rely
on optimal fee collection that is beneficial also to park-
ers. The major contributions of this paper are enumerated
below.

1) We evaluate two existing parking pricing schemes and
propose three alternative techniques that consider time
and space values of an available parking space. These
five schemes do not need to introduce any large capital
expenditures to modify their existing parking business.
In order to gauge the effects of these prices on both
users and businesses, the social optimum range for each
pricing is calculated, and the bias of the average earning
is checked. For a given set of parking rate constants,
if the observed social optimum is less than the average,
then we conclude that the established parking rate is
parker-friendly, otherwise, business-friendly.

2) Through an online survey, we present a lognormal
distribution of the parking duration behavior from
246 respondents. To the best of our knowledge, this
is the first research work to provide an empirical
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parking duration behavior from commercial establish-
ment users that can serve as a benchmark for further
understanding and studying parking duration behavior.

3) Extensive simulations employing empirical mobility
traces and parking duration have been implemented to
compare and evaluate the proposed pricing schemes.
We also incorporated a synthetic human behavior of
long-duration parking to foresee its effects to business
and user.

The paper is outlined as follows: Section II discusses the
published works related to dynamic pricing involved in park-
ing management. We also state here that while these papers
discussed dynamic pricing, there is no literature that com-
pares the friendliness of such methods to the users. To allow
realistic vehicular parking traces, we utilized the taxi GPS
traces in Section III. In Section IV, we present the dynamic
parking pricing schemes that will be evaluated in this study.
We also present here two alternative pricing based on spatial
and temporal values. To provide a common ground of com-
parison, we derived the social optimum range for each park-
ing pricing scheme. This is presented in Section V. We then
present the results of our extensive simulations in Section VI.
Finally, we conclude our work in Section VII.

Il. REVIEW OF RELATED LITERATURE

In this section, we provide a brief literature review of papers
discussing how parking management systems determine their
pricing method. In these previous studies, it is accepted that
the number of available spaces that can be used by parkers
are always static and scarce, thus, there is a need to dynam-
ically allocate these fixed resources. It is in this line that
most research papers have focused their work and based their
pricing policies.

In[11], ademand-driven dynamic parking pricing has been
studied on the street parking slots in Beijing. The pricing
scheme was based on traffic performance and current parking
demand. Ref. [12] included additional charges in collecting
parking fees such as, vehicle type and miscellaneous. The
work presented seven dynamic pricing schemes but were only
differentiated by its introduced price adjustment and occu-
pancy rates. On the other hand, pricing schemes in [13] are
based on linear and exponential reservation demands, and
not on walk-in customers, aimed at maximizing revenues and
minimizing cruising cost.

Three pricing schemes, based on space occupancy, were
assessed in [14], where the proposed new scheme focused
on price variation based on peak periods. This was also the
criterion employed in [15] in developing their reactive and
proactive pricing schemes. In [16] and [17], a bidding pro-
cess took place when the number of parkers was more than
the number of available parking slots. The maximum rev-
enue was chosen from these requesting parkers. Similar to
this process was found in [18], except that parking own-
ers were the ones proposing time-differentiated parking fee
rates to surrounding customers. In [19], parking fees were
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based on the cumulative effect of many factors, such as
distance-to-slot, remaining free slots, traffic density, and
parking duration. This was also the case considered in [20].
Instead of these factors, [21], determined their parking fees
based on the parking status and utilization rate of mem-
ber establishments. Accordingly, the price can increase or
decrease depending on the parking system losses.

The parking pricing fees in [22] implemented a linear
rate collection for both autonomous and regular vehicles by
considering both parking duration and location. In another
work, [23], the parking fees were recalculated daily based on
the parker’s travel information and focused more on driver
benefits rather than establishment revenue. Different from
these research works, the pricing policy in [24] was based
on a regional distribution of parking lots and fine-grained
durations. The policy changes saw an increase in the normal
parking fees being paid by the user. In [25], a study was
also conducted on the effects of the pricing changes and was
used to develop a Gaussian model for locations with similar
demands. Finally, [26] incorporated game theory in obtaining
its parking fee with government agencies, drivers, and park-
ing firms as the players involved.

Machine learning was used in determining occupancy-
based parking prices for various parking lots in Seattle. Com-
pared to two benchmarks, this pricing method provided the
largest city revenue [27], [28].

We differentiate our work from these papers in three ways.
Firstly, we focus only on the evaluation of current parking
pricing schemes implemented by business entities, exclud-
ing the infrastructures. We evaluate the parker friendliness
of the fees from each scheme based on its social optimum
range, which is lower- and upper-bounded by the optimal
user parking fee rate and maximum earning per user, respec-
tively. We also suggest new dynamic schemes that con-
sider both the spatial and temporal values of the available
parking spaces while at the same time can be considered
user-friendly.

Secondly, we only focus on the scenario when a vehicle is
already entering the chosen parking garage, thereby, neglect-
ing the cruising, network traffic congestion problems, and
online reservations, effectively, eliminating accurate model-
ing of these activities. Also, we provide the parking duration
behavior probability distribution of mall goers based on an
online survey.

Lastly, most efficient parking system covers the period
from reservation to the arrival, i.e., a full system analysis of
the parking scenario. This entails a lot of back- and front-
end re-designing of an existing parking system, plus, the
accurate modeling of the traffic flow from an origin to its
parking destination. However, our evaluation does not entail
any changes in the parking infrastructure of a business center,
because they can only change their parking fee structure on
the fly, while just placing a billboard informing the users
how their dynamic parking pricing schemes works. Our work
also excludes the need to accurately model the various traffic
conditions surrounding a parking lot.
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IlIl. MOBILITY DATASET

In evaluating the current and proposed dynamic pricing sche
-mes, we utilize empirical mobility taxi datasets roaming an
urban city from [29] to mimic vehicles looking for a parking
space, while at the same time, disregard traffic modeling.
The parking buildings are set to be located at the intersec-
tions, for simplicity of evaluation, but can easily be adjusted
once participating parking businesses have been identified.
This method of assuming parking locations is applicable to
places where empirical parking data from commercial estab-
lishments and buildings are inaccessible or difficult to obtain,
e.g., in the Philippines.

The Beijing City taxi mobility traces are arranged per taxi
ID and sampled every 10 seconds for seven days. A taxi
ID has many trajectories, t7p, composed of GPS coordinate
points, A, such that p = (Ag,A2,...,A¢,..., AE). Ag
and Ag are denoted as the start and end points, respectively,
*e € R%is aduple {lat, lon} where lat and lon are the latitude
and longitude coordinates of the taxi’s instantaneous position,
respectively [30].

In Figure 2, a parking business, P,,n € {1,2,...,N},
has €2,, maximum available slots, where a vehicle can select
a space that can be leased with an hourly rate. At time
t = kTs,k =0,1,...,«k, there are m nearby (within R, of
Py) vehicles, V,,, looking for a possible parking space with
reasonable fees. The parking business displays its available
number of vacant slots and its dynamic pricing.

Upon entry, time 7, starts, and based on the dynamic
pricing scheme, the vehicle is alloted a free space. For spa-
tiotemporal methods, available parking slots are categorized
into regular and special spaces. Regular categories are those
with equal probability, regardless of its proximity to mall
entrance/exit, elevators, PWD spots, and other important
landmarks. However, regular spaces can be classified into
indoor or outdoor (street) parking. The rest is classified under
special categories where the location matters and it adds value
to the dynamic price. The parking duration ends, Tey;;, when
the vehicle is already exiting the parking center. Effectively,
the parking duration, PD, PD = Texit — Tentry-

One may argue that the traces utilized in this study are
those with no parking intentions, however, employing these
mobility traces will help understand, and even predict, the
worst case scenario when there are many vehicles looking
for a possible parking space. Therefore, by allowing these
vehicular movements to mimic parking vehicles is justified,
more specifically, in comparing and evaluating the different
applied and proposed dynamic parking pricing schemes given
a huge amount of customers.

IV. DYNAMIC PARKING PRICING SCHEMES

In this section, we evaluate temporal- and spatiotemporal-
based dynamic parking pricing schemes, F(m), considering
temporal and spatial values of a car garage up for lease by
a vehicle V,,,. The proposed parking fees take into account
salient variables and features of an available parking space,
e.g., land value, entry time, demand value, unique services,
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FIGURE 2. Parking building with four nearby vehicles looking for viable
vacant and available parking spaces.

etc. Considering these variables allows a commercial estab-
lishment to promote its parking services to its targeted cus-
tomers.

A. TEMPORAL-BASED DYNAMIC PARKING PRICING

We discuss here three parking pricing schemes which are
based only on the parking duration.

1) FIXED RATE PRICING

The fee employing the fixed rate parking pricing for vehicle
m, Frpr(m), has a constant parking fee throughout the day,
regardless of parking duration, 0 < PD < 24, and serves
as a benchmark for most studies [13], [14], [15], [16], [19],
[27], [31]. Fixed price is dictated by (1).

Frr(m) =K (1

Note that the fixed rate pricing can be derived from the
Egalitarian cost-sharing theory [32] in (2), where Cj,y and
Cyin are the average maximum and minimum amount among
the prices nominated by M users, respectively. C(P,) is
defined as the minimum cost to retrieve capital and operating
expenses of a parking lot P,,.

C(Pn) + M[Cmux -
M

Cmin]
C(m) =

=K 2)

2) LINEAR RATE PRICING

The fee utilizing the linear rate parking pricing [13], [33]
for user m, Fyr(m), is an adjusted fixed rate pricing and is
governed by (3).

Frr(m) = K + KagjAtrg 3

In (3), a user has to pay a fixed parking fee, denoted
by K, for a certain parking duration threshold, T4, and
then is charged with an additional amount depending on the
exceeded duration of the parking vehicle, denoted by Atz g =
ceil[PD — Tyer] > 0.0 < Kuqj < K. We also assume that
K = BK,q, where B is a constant of proportionality. The
operation ‘ceil’ gets the next upper time value in hours.
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In linear rate pricing, parking users are advised to park
only for a certain duration to provide other incoming vehicles
available parking slots and avoid the additional penalty equal
to Kugj AlLR.

Note that when Ty,r = 24 hours, At g = 0, effectively,
Frr(m) = Fpgr(m).

3) MIN-MAX RATE PRICING

The fee using min-max [10] rate parking pricing for user m,
Fypg(m), is described by (4), where charged fees, Kj, are
based on parking duration value, Ty, h € {1,...,h,...,H}.

Toin <+ <Tph<---<Tgand Ky, < -+ <Kp<--- <
Kmax-
Knin, 1 <PD < Tyin
Fym(m) = { Ky, Th1 <PD<Ty 4

Knax, TH-1 < PD <24

Lemma 1: The Min-Max Rate Pricing is a proposed inter-
mediate pricing scheme between the Fixed and Linear Rate
Pricing techniques, i.e., Frr(m) < Fyp(m) < Frr(m).

Proof: W Ty = - =Ty, = --- = Ty = 24 and
Knin = -+ = K = -+ = Kpax = K, then Fyp(m) =
Frr(m).

If Twin = Taer and Kypin = K, then the lower bounds of
Linear and Min-Max Rate Pricing schemes are equal, i.e.,
FLRipyer (M) = FMMyp0,, (1)

When T, > Tpn, for T, < PD < Ty, Kj, =
K[%], then Fyr(m) = Fypy(m). 0

B. SPATIOTEMPORAL-BASED DYNAMIC PARKING
PRICING

Two spatiotemporal dynamic parking pricing schemes are
presented in this subsection. The parking duration is still a
vital component of the proposed pricing methods, however,
the spatial value of the parking slot has now been considered.

1) ADAPTIVE RATE PRICING

The adaptive rate parking pricing for user m, Fogr(m), allows
parking price movement based on both temporal and spatial
conditions. It is shown in (5).

J
K
Far(m) = %Ay > T ®)
j=1

where T; > 0 assigns the parking slot premium value at the
j™ time interval the car entered, stayed, and left the parking
premise. 7; assigns the temporal weight of the vacant parking
slot and considers peak and off-peak scenarios.

On the other hand, Ay = Aygx — %jﬁ”lm is the
normalized occupancy of the parking lot, upoﬁq vehicle entry,
and it can be defined as the spatial value of the parking slot.

If |PSy,.. |entry (the number of occupied parking spaces upon
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entry) approaches €2, the parking slot should be valued at
a higher price, else, vehicles will be charged less. Ayx >
1 increases the parking lot’s spatial value.

In adaptive rate pricing, parking users can avail of the
parking slot at a lower cost especially, during off-peak hours.
One may argue that the adaptive rate pricing is not realistic,
however, for businesses entirely operating as a parking space
provider and open 24/7, then, this dynamic pricing scheme
encourages car owners to use their parking amenities at a
rate adapting to the spatiotemporal parking conditions. Also,
business centers located on prime spots will benefit more on
this scheme because their land value is given an appropriate
weight, while at the same time, their target market are already
identified.

2) COMPLEMENTARY RATE PRICING

The complementary rate pricing in (6) is the linear combina-
tion of the spatiotemporal values characterizing the parking
slot.

e r
Fsp(m) =Y ac(OFc(t)+ Y _ by ()F () (6)

e=1 y=1

where ac(¢) and b, (s) are time- and space-dependent coef-
ficients of the time- and space-defining functions F¢(#) and
F, (s), respectively. F(t) can be any of the previous dynamic
parking pricing schemes, while F',, (s) includes slot classifica-
tion (multi-level/regular, PWD slots, street, etc.), occupancy
rate, and proximity in determining its parking fee.

For simplicity, we let a.(t) and by, (s) be constants within
the range [0, 1] and by, (s) = 1 — ac(1), thus, called comple-
mentary rate pricing. Also, we let Fe(t) = Fypy(m) = Kcg.
We define F', (s) below in (7), where A’s and £2’s are the asso-
ciated parking land dues (similar to real estate property tax)
and maximum vacancies in each classification, respectively.
The coefficient « denotes which car park category will the
vehicle be parked.

IPSn, lenry + 1
Fy(s) = g Apng ——2 2 — e

and +1
|PSanD |entry + 1
+ opwp A pwp— DRy T
o
[PSng, lentry + 1
A o
+ a5 Asy Qg+ 1
s.t. apmd, apwp, as; € {0, 1}
S.t. g + apwp + Qg =1 @)

Unlike the Adaptive Rate Pricing, the Complementary Rate
Pricing can easily favor time-based or space-based values by
making either coefficient, a¢(t) or by (s), one or zero.

C. PARKING FEE ADJUSTMENT DUE TO ONLINE
RESERVATION

If parking businesses will employ online reservations, then,
the presented schemes can be easily adjusted to have addi-
tional reservation fee that can be simply specified by (8)
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below.
Fres(m) = Kies6T (®)

where K,.; > K for having the convenience of a reserved
parking slot and 8T as the time difference between arrival and
reservation, normally dictated by the reservist. In practice,
this is automatically deductible from the parker. Any excess
charges will just be subtracted from the actual parking pay-
ment upon checkout.

V. USER AND BUSINESS SOCIAL OPTIMUM MEASURES
We define the user and business social optimum range, Sy,
in (9), for a parking pricing scheme as the ratio of parking
charges and duration to gauge business profitability and mon-
etary impact to users. xx € {FR, LR, MM, AR, CR}, denotes
the parking pricing scheme for fixed, linear, min-max, adap-
tive, and complementary rate pricing, respectively.

Fxx

Sxxlower = SXX = m = Sxxupper

&)
where Fy, is the parking pricing scheme, E[e] is the expec-
tation operator, S,y ,.,, and S are the lower and upper
bounds, respectively.

For user m, Sy, can be defined as the parking pricing
impact, i.e., effective parking fee rate. This value should be
minimized to denote the value of their money for the service
rendered, i.e., lease of a parking space. On the other hand, for
businesses, S, means how much can they effectively profit
per parker m multiplied by the total available parking slots
€,,. The limits of Sy, are determined by getting the minimum
and maximum values of (9) in each of the dynamic parking
pricing schemes.

In general, we assume that a parking business is operational
24 hours a day and the parker is charged on an hourly rate.
Note that a fraction of an hour is already considered as one
hour. Also, we do not consider parking durations with over-
lapping days.

In Fixed Rate Pricing, the social optimum range, Sgg is
given below in (10). As an example, the Sy, is computed
by dividing K with the maximum allowable PD = 24 hours,
while Sy, is obtained by dividing K by PD = 1 hour.

XXupper

K <Spr <K (10)
24 = SFR=
For Linear Rate Pricing, assuming that K is only applicable
for the first Atz g = 3 hours and K4 = %(, B > 3, is charged
for each succeeding hour or a fraction of it, we have (11).
From simulations, 1 < 8 < 3, the Linear rate pricing scheme
becomes unreasonable and less competitive.

+ 21
ﬂm <Sik<K (11)

K

For Min-Max Rate Pricing, Syzs for both user and busi-
ness is given in (12), where the assumption K5x < 24Kin
should hold. Also, since K;;ny < K, < Kyqe and
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1 < Twin < Tp < 24, the lower and upper bounds are
determined from the limits of Fyz (m).

K,
;Zx < Sum = Kmin 12)
For Adaptive Rate Pricing, since the spatial and temporal
values of a parking lot are directly related, thus, the lower

and upper bounds of Sy for both user and business is given
in (13) below.

SAR/
—— < Sur <, 13
oa = SAR = S, (13)

where SARl = Kspace<Ayk - %)Tj,min and SARh =
prace Ayk - ﬁ T}',max'

For Complementary Rate Pricing, Scg is given in (14)
below, where the lower bound is the least value between
the temporal and spatial parking lot values, while the upper
bound is given by the maximum combination of these spa-
tiotemporal parking lot value.

Ast
KCR + 251 +1

A < Scr < Kcr + Apwp (14)

For each S, in the five parking pricings, the lower bound
is always the preferred rate of parking users, while the upper
bound is the ideal case for the business establishment.

To evaluate and compare the five parking pricing schemes,
we calculate Y, as the average daily revenue. We then com-
pare Y, to the mean of each S, denoted as Sy, and derive
our observation, Sy, ,. in (15). If Sy, equates to User, the
pricing scheme S,, is more parker-friendly, else, business-
oriented.

User, Yo <S
Sxx,,bx = . = Have (15)
Busi, Yxx > Sy,

VI. EXTENSIVE SIMULATION RESULTS AND DISCUSSION
In this section, we present our extensive simulation results
using empirical mobility traces from Beijing City where the
characteristics are described in Table 1.

TABLE 1. Simulation and dataset attributes/parameters.

Simulation Attribute/Parameter Value
Total area (in ~ km?) 50
Number of Parking Buildings 40
Number of parking slots per building, 2, 1000
Parking Building Radius (meters) 500
Sampling time of GPS traces (mins) 10

‘We use the GPS coordinates of nearby taxis to act like vehi-
cles that will be utilizing the parking space of a commercial
building found at locations depicted in Figure 3 [34].
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FIGURE 3. Locations of the 40 assumed parking buildings in Beijing City.
Colored circles represent the average number of taxis passing the building
per hour. The larger and the darker the circle is, the more passing taxis.

A. ASSUMPTIONS IN PRICING CONSTANTS

Table 2 shows the various price constants used in each of the
parking pricing schemes presented in this work guided by the
House Bill 7725 in the Philippines [35]. The first two rows
are alloted for the Fixed and Linear Pricing rate schemes. The
third and fourth rows are constants for the Min-Max pricing.
The fifth and sixth rows belong to the Adaptive Pricing. The
last two rows are for the Complementary Rate pricing, where
we also set ac(t) = b, (s) = 0.5, for simplicity.

TABLE 2. Spatiotemporal Pricing Constants.

Row | Dynamic Pricing Constants Value
1 K, K445 (in PhP) 30, 10
2 Aty g (in hr) 3
3 Kmin, K2, Kimagz (in PhP) 50, 75, 100
4 Tmin, T2, Tmaz (in hr) 8, 16,24
5 Kspace (in PhP) 50
6 Ayy 2
7 Arndg, Apwp,Age (in PhP) | 25,37.5,12.5
8 K¢ g (in PhP) 25

The values of T; (for the Adaptive Rate Pricing) are
assumed and shown in Table 3. Later on, 7; can be derived
from empirical situations and is highly dependent on the
establishment. In our example, we placed the highest pre-
mium on the 10:00 AM - 2:00 PM time interval since these
are rush/peak hours when people tend to meet up for lunch
and meetings. Note that an exact value for these assumptions
can be derived per each parking building. If 7; = 1 for all
time intervals, then Fag(m) charges the parker based on the
spatial value of the parking slot only.

Note that the constant values selected here are chosen such
that the discrepancies between temporal and spatiotemporal
pricing schemes do not have a big discrepancy. In reality,
however, premium establishments can charge their customers
a fee equivalent to the parking lot’s high value and demand
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FIGURE 4. (a) Average parking duration obtained from 246 respondents (bar graph) and fitted lognormal probability distribution to best characterize
the respondents’ answers (blue curve) (b) Synthetic parking duration portraying long-duration parkers (bar graph) and fitted Weibull distribution.

TABLE 3. T; values for various daily time intervals.

4 Time Interval | T
00:00 — 04:00 0.25
04:00 — 07:00 0.5
07:00 — 10:00 1
10:00 — 15:00 1.5
15:00 —20:00 1
20:00 —24:00 0.25

availability. Also, commercial establishments will also con-
sider the surrounding competition to attract customers.

B. PARKING DURATION CHARACTERIZATION

We present three scenarios on the parking duration
behavior of people leaving their cars on commercial
malls/establishments. These are enumerated below.

1) We employ the parking duration behavior from an
online survey we conducted to determine the people’s
experience on how long they leave their vehicles at
the parking lots when visiting a commercial estab-
lishment (during pre-pandemic time). The survey only
asked one question, i.e., how long is your average
parking duration (in hours) inside malls or commercial
places? There are 246 respondents and their activities
done during their visits are not questioned. The short-
est and longest time period of parking are one and
eleven hours, respectively. A lognormal distribution
with mean 3.7915 hours and a variance of 3.2107 hours
is used to best fit the data. This probability distribution
choice is based on [36]. Empirical and fitted results are
shown in Figure 4(a). Generally, this scenario captures
the short parking duration exhibited by parkers.

2) We characterize the amount of time a vehicle is parked
by using the uniform distribution over a period of
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24 hours. In this experiment, we observe the effect of
equally distributed short and long parking durations.

3) To simulate the situation where long-duration parkers
are using the car garages, a Weibull distribution with
scale value of 18.4009 and shape value of 3.5211 fit-
ted over a set of synthetic parking duration samples is
simulated. This is shown in Figure 4(b).

C. COMPARING THE VARIOUS SPATIOTEMPORAL
PARKING PRICING SCHEMES

We performed a set of extensive simulations composed
of 1000 runs for each parking duration scenario over the
seven-day mobility dataset. We limit our cost evaluation to
those given values in Table 2 only.

1) PARKING BEHAVIOR ANALYSIS

Given the three parking duration characteristics and with a
sampling time of 10 minutes, the average cumulative distri-
butions parked and unparked (those who do not have any
available parking slot upon arrival) vehicles are shown in
Figure 5. We note that as sampling time is decreased, these
numbers increase as there are more available vehicular GPS
traces to consider.

Given an allotted €2,, = 1000 available slots for each com-
mercial building, for a short-duration parking behavior, the
number of unparked vehicles is negligible since they will have
available spaces to leave their cars, as shown in Figure 5(a).
However, when the duration of a parked car is increased,
the establishments are overwhelmed by incoming vehicles,
starting at 11:00 AM, since there are already parked vehicles
with no intention of vacating their spaces. This is exhibited
by Figure 5(b) and Figure 5(c). This scenario is exempli-
fied by office employees leaving their vehicles parked in an
establishment near their work places. From the standpoint of
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FIGURE 5. Average cumulative distribution of parked and unparked vehicles with parking duration characterized by (a) Empirical (lognormal),

(b) Uniform, and (c) Weibull distributions.

a commercial establishment, unparked vehicles are already
considered as lost customers, therefore, translating to finan-
cial losses. Parking managers can mitigate these lost profits
by increasing the number of available parking slots, which in
some cases, convert other free spaces to parking spots. On the
other hand, parkers who cannot find a vacant slot in its desired
parking building will either do any of these two things: 1) stay
in queue and wait for future available slots while their engines
are still turned ON, and 2) look for a nearby car garage with
available space.

From Figure 5, shorter and longer parking durations favor
the business and parker, respectively. Shorter duration allows
more vehicles to park and the flow of parking fees is faster
when compared to vehicles with longer parking duration.
On the other hand, parkers following the Weibull model pays
a relatively lower parking fee on a daily basis, but the effects
can be seen when tallied every month.

2) AVERAGE COLLECTED PARKING FEES

The range and average of collected parking fee rates obtained
from the five schemes for the 40 identified parking buildings
are shown in Figure 6 for empirical parking durations, Fig-
ure 7 for uniformly distributed length of vehicles staying in
a parking lot, and Figure 8 for long-staying vehicles in car
garages. The black dashed line in each plot represents the
average effective parking rate, Sy, .

The Fixed rate pricing is generally the cheapest for parkers
and less revenue-generating for an establishment. Also, this is
the simplest method to implement for businesses and easiest
to remember for a parking customer. However, the Fixed rate
becomes expensive when there is an unreasonable price hike
of K. An example of this can be seen in [37].

As can be seen from Figures 6-8, the linear rate dynamic
parking pricing scheme is the most expensive of all current
and proposed pricing schemes. Normally, the parking estab-
lishments employing this method are those near offices, since
the turnout of parking vehicles is much slower and those
establishments with limited slots. The parking fees become
more expensive when Af;g and K,q; are decreased (since

VOLUME 10, 2022

there will be more time interval adjustments) and increased,
respectively [37].

The Min-Max pricing offers the intermediate price
between the Fixed and Linear rate dynamic pricing schemes.
From its definition in (4), short-, mid-, and long-duration
parkers can easily be discriminated by various fixed pricing
rates, Kj. The more fixed prices involved in Min-Max is,
the better it is to understand the parking behaviors of cus-
tomers. From the extensive simulation results, the Min-Max
Rate dynamic pricing method allows a compromise for both
businesses and users.

The Adaptive Rate pricing offers a relatively low price
offering to nearby parkers. This is so because the time interval
value T; has values less than one. However, the adaptive rate
can easily be more expensive when the spatial value, Ayg,
or the temporal value, T}, is increased unjustifiably. This vari-
able is left to the parking managers to place the appropriate
values that will not discourage its customers.

Finally, the Complementary rate pricing is advantageous
to establishments that offers special types of parking lots
and services, e.g., valet or PWD assistance. These supports
are charged based on service rendered by the driver taking
over the vehicle and/or the premium (e.g., security) loca-
tion where the car is parked. The coefficients ac(f) and
by (s) can easily be adjusted accordingly too to provide
which of the time-value or space-value is prioritized. Com-
pared to the other four pricing schemes, a customer must be
well-informed about the convenience this pricing scheme is
offering.

D. SOCIAL OPTIMUM MEASURE

Given the values in Tables 2 and 3, the social optimum value
range, Sy, for each of the dynamic pricing is shown in Table 4
below. The midpoint of Sy, Sxy,,,. 1 also given in the fourth
column.

We evaluate the user- or business-friendliness of each
dynamic parking pricing scheme. Recall that if the average
is near the lower Sy, then the pricing model is user-friendly,
otherwise, it is business-friendly.
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FIGURE 6. Average collected parking fees having empirical parking duration characterized by a lognormal distribution.

TABLE 4. Social optimum range for each dynamic parking pricing scheme.

Dynamic Pricing | Szz;,.,., S;muppw Szzave
Fixed 2.0833 50 26.0417
Linear 10.8333 50 30.4167
Min-Max 4.1667 50 27.0833
Adaptive 0.5214 149.9251 75.2232
Complementary 1.0422 62.5 31.7711

The observations for each of the spatiotemporal dynamic
pricing schemes under various parking duration model are
shown in Table 5. Clearly, Fixed and Linear parking pric-
ing methods, the highly-utilized schemes, are inclined to
users and business establishments, respectively. Min-Max
and Adaptive rates are also user-inclined while the comple-
mentary is a mix.

Let us analyze the various pricing schemes by looking at
the lognormal distribution, i.e., empirical parking duration
model.

In general, the Fixed rate pricing is really customer-friendly
and encourages its customers to avail its facility since only
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one value needs to be paid. The parker does not need to
worry about its time and the varying cost. In most commercial
establishments, e.g., malls and restaurants, that are located
within the vicinity of each other, this kind of parking pricing
is implemented.

On the other hand, the Linear rate pricing is mostly utilized
by commercial establishments which are near offices. Under-
standably, since there is a lower vehicular parking arrival,
getting the target revenue is difficult to achieve under this
circumstance, thus, implementing this method instead of the
fixed pricing.

The Min-Max pricing is between the Fixed and Linear
rate methods. It addresses both the short- and long-duration
parkers by having their respective parking fees. However,
under the empirical distribution, the Min-Max behaves like
the Fixed rate pricing.

In the simulations, 0 < T; < oo and those off-peak hours
have weights less than one. However, setting 7; > 1 can
easily turn the Adaptive rate pricing business-friendly. Also,
setting Ayg > 2 will automatically increase the parking fee
that will make it lean towards the business side.
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TABLE 5. User and Business inclinations derived from social optimum average.

Dynamic Parking Pricing Unif Sz, LogNrm Sz, ‘Weibull Sz,
Fixed 13.24654 User 13.2271 User 2.831178 User

Linear 106.1628 | Business | 46.5012 Business | 122.2224 | Business
Min-Max 25.17451 User 20.9932 User 4.59865 User
Adaptive 12.42436 User 6.2602 User 12.80545 User
Complementary 27.72755 User 33.0582 Business | 15.69163 User

Lastly, in the proposed Complementary pricing here, the
scheme is a business-oriented method because the spatial
value has added services such as type of parking slot, intro-
duction of valet assistance to name a few. Although these pro-
vide convenience to the users, an additional cost is shouldered
by them. Also, the temporal value can also be easily changed
to Linear rate where Az g can be adjusted accordingly.

E. PARKING ESTABLISHMENTS WITH DIFFERENT
VEHICULAR PARKING DENSITY

Let us look at parking buildings (PB) 7 and 34 which have
the lowest and highest average number of vehicles in its
vicinity, respectively. Surprisingly, in our simulation, PB7
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has the lower number of parking vehicles, but utilizing the
appropriate pricing method can yield a better parking revenue
when compared to PB34, i.e., implementing the Adaptive rate
parking pricing. One reason here is that the parking vehicles
happened during the time interval from 10:00 AM to 3:00 PM
where T; = 1.5. Given this finding, the Adaptive rate pricing
can be utilized by establishments with the majority of its cus-
tomers using their facility during peak hours. From Figure 9
below, we can see the monthly consumer rental for each of
the pricing scheme. Therefore, depending on the location of
the commercial establishment, any of these studied dynamic
pricing schemes can be implemented in order to address target
parking revenue. However, one difficult thing, is explaining
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Figure 9 also illustrates the monthly expenditure of a vehi-

ié:ﬁmi N
e S cle owner when he/she parks on a facility given the dynamic
%mj — parking pricing. Realistically, the Linear rate price is too
& zonol - — much for a middle class customer and will still settle with
P jm — - the Fixed rate pricing.
= —
58 n,;: E— VII. CONCLUSION
R . In this research work, we evaluated five different spatiotem-
& o' s000} = poral dynamic parking pricing schemes according to its social
%’g el __ optimum measure based on value for money. Parking fees
= — ] based on the temporal value are highly dependent on the
B ooof — ] parking duration of a parker, while spatial value considers
£ g amor — the number of available parking spaces upon entry of a vehi-
g — cle and its land valuation. The assessment of these pricing
B ‘ schemes provides the impacts of such parking fee rate to
g;g o == — ] the income generation of business owners and effects to the
55 ok : - daily parking expenditures of frequent parkers. Our eval-

Parking Bullding Number uation results reveal that the most commonly used Fixed

FIGURE 9. Comparing two establishments with varying vehicular parking
density. Shown is the monthly rental from a regular customer utilizing the
parking building.

to customers the various variables used in coming up with the
parking fee.
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and Linear parking pricing schemes are benefiting users and
business entities for varying parking customer distribution,
respectively. This means that commercial establishments earn
from a group of parkers by employing Fixed rate, however,
on the other hand, they acquire income from small groups
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of parkers when using Linear Rate. Also, Fixed rate pricing
entices long-duration parkers while Linear rate encourages
short duration parking only. On the other hand, the proposed
Min-Max pricing is an excellent alternative to these two
well-used parking rates to separately charge short- and long-
staying vehicles, thereby, encouraging all types of parkers.
Finally, our proposed spatiotemporal dynamic parking rates
provide a more complete valuation of an available slot. This
considers the premium of a parking lot depending on the
location, availability time, and services rendered. However,
a rigorous set of feasibility studies is needed to arrive at the
appropriate spatiotemporal values that will neither discourage
customers nor allow owners and parking managers to lose
their business.

In summary, a given commercial establishment or parking
business can utilize the findings of this work by implementing
the best dynamic parking scheme that is viable for business
growth and beneficial to parking tenants without any compro-
mise. For parkers, they can quickly compute their monthly
parking expenditures. On the other hand, parking managers
can straightforwardly calculate their minimum earnings and
track the number of parkers that can be used to tune their
prevalent parking fee. Lastly, the proposed pricing methods
are adaptive to cater special cases and needs, e.g., online
reservations and valet services, that will further promote the
business’ uniqueness and user-friendliness.
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