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Analyzing the dynamics of parking traffic can better represent the real dynamic states of road
networks, thereby allowing for a deeper analysis of the parking system'’s impact. This paper
comparatively investigates the impact of parking policies on two traffic networks with dif-
ferent infrastructure, socio-economic, and policy characteristics. Parking space, average
parking duration, and parking fee policies were analyzed as a function of cruising distances
and cruising time with indirect effects on traffic emissions. Empirically, the system dynamics
model application is tested and validated with the macroscopic data from two central busi-
ness districts (CBDs) in Shanghai (Xujiahui area) and Zurich (Bahnhofstrasse area). Results
showed Bahnhofstrasse CBD is more sensitive against the policy shifts with relatively higher
elasticity and indicated greater responsiveness in aggregating traffic emissions when com-
pared with Xujiahui CBD. The findings of this study may provide an overall framework to
empirically assess the performance of different traffic conditions and strategies on urban

parking systems.
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Introduction

rban parking has been acknowledged for a considerable

period as an essential aspect of urban transportation

systems. The effectiveness of parking systems largely
impacts the dynamics of traffic flow within a network, as
demonstrated by Shoup (1997), who underscored the significance
of parking in urban traffic congestion. More importantly, the act
of searching for parking spaces significantly aggravates on-road
congestion, with approximately 30% of road demand in specific
central business districts (CBDs) being due to vehicles seeking for
parking (Shoup, 1997). The rapid growth in vehicle ownership
contributes to the negative effects of parking systems, as noted by
Wen et al. (2019) and Dong et al. (2021). These negative effects
include travel delays caused by the time spent cruising for
parking, increased costs for drivers, and local environmental
impacts due to vehicle emissions (Cao & Menendez, 2015; Cao
et al,, 2019; Jakob et al., 2020; Jakob, 2021). Issues such as
insufficient allocation of parking space, impractical fees, and
unrealistic time limits often arise from a lack of understanding
about how adjacent systems interact, improper land use plans, or
inaccurate assessments of parking demand, which further com-
plicates the situation (Shoup, 1997; Chen et al., 2016; Sun et al,,
2016; Shen et al., 2020).

Some analyses have been conducted on the interaction between
parking systems and urban transportation from various view-
points. Assessments at the city level have primarily concentrated
on socio-economic aspects, including income and vehicle pos-
session, as well as their association with the need for parking
(Shoup, 1997; Jakob, 2021; Ni and Sun, 2017; Zhang et al., 2019).
These investigations provide a valuable understanding of the
wider consequences of socio-economic patterns on the dynamics
of urban parking. On the other hand, at the network level,
scholars have explored the operational structure of parking sys-
tems. Pioneering research in this area, utilizing empirical-
microscopic methods (Axhausen and Polak, 1991; Kladeftiras
and Antoniou, 2013; Pierce and Shoup, 2013; Shoup, 2006;
Weinberger et al., 2012), have played a crucial role in compre-
hending the complexities of parking behavior. Traffic assignment
models (Boyles et al., 2015; Gallo et al., 2011; Gu et al., 2021; Levy
et al., 2013; Qian et al,, 2012; Kang et al., 2022) and agent-based
simulations (Balac et al., 2017; Benenson et al., 2008; Horni et al.,
2013; Marki et al., 2014; Ni and Sun, 2018; Ni et al., 2024; Sun
et al., 2016; Waraich and Axhausen, 2012; Zhao et al., 2018) have
further enriched this field by offering nuanced perspectives on
parking operations.

Furthermore, the economic aspects of parking have been
extensively investigated, such as metrics for measuring effective-
ness and cost functions, including the studies conducted by
Arnott and Rowse (1999), Arnott and Inci (2010), Cavadas and
Antunes (2019), as well as Xiao et al. (2019). Nevertheless, these
research efforts often assume static speed and time conditions
and require detailed data, resulting in discrete outcomes that do
not fully capture real-life situations and require significant
resources. Consequently, there remains a knowledge gap
regarding the dynamic and practical aspects of searching for
available parking spaces.

The adoption of aggregate macroscopic fundamental diagrams
(MFD) and collective network traffic analysis offers a comprehensive
and cost-efficient solution to address this gap. Seminal works by
Daganzo and Geroliminis (2008), Gu et al. (2020), Geroliminis and
Daganzo (2008), Huang et al. (2021, 2022a, 2022b), Loder et al.
(2017), Zhao et al. (2021), and Zhao et al. (2022) have formulated
and tested this paradigm shift, demonstrating its potential in effec-
tively representing traffic system dynamics with fewer data needs
and analytical complications. Recently, Cao and Menendez (2015)
and Cao et al. (2019) introduced a macroscopic model that
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incorporates MFD with dynamic phases, drawing inspiration from
parking equilibrium concepts proposed by Anderson and De Palma
(2004), Arnott et al. (1991), and Arnott et al. (1993). The unique
aspect of this approach lies in the ability to analyze the interaction
between parking and traffic, providing valuable insights for policy
implications on both temporal and spatial scales. However, the
application of this model in a small network located in downtown
Zurich raises concerns about its applicability to other urban settings
with different parking and traffic system characteristics. Hence,
further studies are necessary to evaluate the universality of this
model by testing it in diverse urban contexts.

While there has been significant advancement in compre-
hending the relationship between urban parking and traffic sys-
tems, the field is still developing. The move towards macroscopic
models represents noteworthy progress, which however still needs
to be confirmed in different urban settings and to connect with
practical applications to specific cities. This study conducted a
comparative analysis to evaluate the performance of parking
systems in two different networks: Xujiahui CBD, Shanghai, and
Bahnhofstrasse CBD, Zurich. In contrast to previous research, the
dynamic macroscopic evaluation model developed by Cao and
Menendez (2015) was comparatively applied to the two particular
urban contexts. The unique aspect of the proposed approach lies
in the incorporation of more practical inputs into the model,
making it more applicable and reliable. The model’s universality
and effectiveness have been rigorously tested by extending its
validation beyond the original scope.

In addition, this study contributes to the field by quantita-
tively evaluating the effects of policy changes on environmental
factors. This is accomplished through the measurement of the
aggregate cruising distance and hot emission factor, resulting
in a nuanced comprehension of how policy modifications may
impact environmental outcomes within urban areas (Mesfin
et al,, 2022; Sun and Ding, 2019). By focusing on both per-
formance and environmental consequences, a comprehensive
assessment of parking system efficiency was carried out,
representing a substantial advancement in the methodology
and application of parking system analysis. The findings not
only validate the model developed by Cao and Menendez
(2015) in new urban contexts but also expand the usefulness
for policymakers and urban planners seeking to balance effi-
ciency and environmental concerns in megacity parking
management.

The remainder of this paper is organized as follows. Section
“Methods” introduces the analytical methods and models that
were chosen, while section “Case study” showcases the real-world
application of the model through an empirical case study. In the
section “Results and comparisons”, the parking and traffic per-
formance indicators from two CBD cases were compared and
analyzed, followed by an examination of how the parking systems
respond to different policies. Finally, research findings conclu-
sions, and future study directions are provided in section
“Conclusions”.

Methods

The dynamic parking model with macroscopic traffic properties
is favored due to two features. First, the model explores the traffic
system macroscopically, rather than analyzing it microscopically,
or using a multi-agent simulation model, which requires little
data and relatively simple calculations. Second, the model per-
forms under time-varying conditions, thus capturing the dynamic
nature of parking systems (Cao and Menendez, 2015). A con-
ceptual design of the model is presented below, followed by an
analytical formulation of the design parameters.
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Fig. 1 lllustration for dynamic interactions within urban traffic-parking systems entities.

Model definition. In this section, we review and define the basic
elements of the system blocks, their dynamic relationships, as well
as the necessary input parameters as follows.

The dynamic blocks and the transition matrix: The parking
and traffic systems, together with the transition matrix, form the
dynamic circle of the model. As shown in Fig. 1, the parking
system block is composed of parameters that describe the
characteristics of parking. From the traffic system blocks, key
properties of traffic flow are derived in accordance with the road
system and the nature of vehicle movement. The transition
matrix between the two blocks represents the dynamic relation-
ship between the three parking-related states and the five
transition events. By analyzing and quantifying the number of
vehicles at each parking state and parking-related transition event
using the following input parameters, the model estimates the
number of vehicles at each parking state and parking-related
transition event on each sliced time t:

Basic information about the area: The radius of the network,
the total length of the roads, the total length of the network, and
the number of parking spaces in the area. Data inputs are based
on a dense urban area with a relatively homogeneous network.
Traffic and parking conditions change dynamically over multiple
time slices over the course of the entire time horizon, which is
divided into small time slices (1-min).

Initial conditions and traffic demand: The daily traffic inflows,
the initial condition of the parking states, and the percentage of
traffic demand associated with parking. As urban networks may
be symbolized as one ring road with cars driving in a single
direction, it has been found that this method is suitable for small,
homogeneous traffic networks (Cao and Menendez, 2015). Travel
demand and distance-driven variables can be estimated using
historical data, e.g., traffic data entering and exiting the network,
and distance variables based on the radius of the network.

Traffic properties of the area: The macroscopic fundamental
diagram is used here to illustrate the traffic properties of the area.
A network’s MFD is defined by its average free-flow travel speed,
critical traffic density, maximum flow, and jam density. Due to
the homogeneous nature of the network, parking searchers and
parking garages are assumed to be evenly distributed within the
driving traffic.

Traveling distance: Includes the length defined as the length
required for the vehicle to shift from non-searching to searching
state as Ins/s, the length needed for the vehicle to leave the area
from parking as Ip/, and the through vehicle travel length from

inlet to outlet as I/. Since the case study primarily involves small
CBD areas with standard parking policies, we do not have to pay
close attention to individual car locations and parking spaces
throughout the dynamic process, i.e., only the average numbers of
vehicles and total/average search times and distances are tracked
during a time slice.

Parking duration: The distribution of the parking duration
histogram (parking duration to frequency graph) and represented
by an approximate probability distribution function with the
average parking duration. This model utilizes an approximate
distribution function based on the parameters of shape and scale
to represent a distribution of desired parking durations. There are
a variety of possible distributions that can be used, such as
Gamma, Poisson, negative binomials, etc. It is assumed that
drivers do not cancel their trips while searching for parking. Input
parameters specific to parking duration and parking pricing can
be approximated based on field measurements.

Analytical formulation for the number of vehicles

Parking-related traffic states. The parking-related traffic states
form the basis of the parking-state-based matrix, which is
updated as a function of the number of vehicles passing through
the various transition events over the course of the time slice. All
transition events are modeled using a deterministic approach.
Despite this, the model as a whole is not deterministic with
respect to parking locations, travel times, and parking durations.

The model is not thoroughly stochastic either, as there are no
random values involved in the computation of each transition
event. Furthermore, since the model is based on probability
functions, it does not require repeated runs to account for its
stochasticity. All traffic states and transition parking events are
summarized in Table 1. Model input variables are the initial
conditions of all traffic state variables, which are either measured,
assumed, or simulated.

Based on information regarding the transition events involved
in parking-related states, these parking-related states were
determined. Equations (1)-(3) update the number of “non-
searching”, “searching for parking”, and “parking” vehicles,
respectively.

Let (i) represent the time slice of the dynamic model analysis.
As presented in Table 1, the number of vehicles at each state and
transition event at time slice (i) was defined as follows: parked
state, N',; searching state, N’ non-searching state, N',,; entering
the area, n',; starting to search, n',y accessing parking, n'y,;
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Table 1 Number of vehicles on parking-related state and transition events.

N,’:,s the number of vehicles in the state of “non -searching” at the beginning of time slice i

Ns’_ the number of vehicles in the state of “searching” at the beginning of time slice i

N,’J the number of vehicles in the state of “parking” at the beginning of time slice i

n;ns the number of vehicles that are entering the area and in transition to the non-searching state during the time slice i (enter the area)
nrl75/s the number of vehicles that are transitioning from non-searching to searching state during the time slice i (start to search)

ns’/p the number of vehicles that are transitioning from searching to parking state during the time slice i (access parking)

n[’]/ns the number of vehicles that are transitioning from parking to non-searching state during the time slice i (depart parking)

n,’,s/ the number of vehicles leaving the area and in transition from non-searching during the time slice i (enter the area)

p%

(1-h7%)7

-

nsp

n p/ns

Fig. 2 Number of vehicles in each parking state and transition event as well as the proportion of through vehicles and vehicles involved in parking.

departing parking, n',,s and leaving the area, n',,. Thus, the
number of vehicles in the parking state at time (i) can be
calculated based on the previous state at time (i-1) and the
neighboring states at time (7).

Equation (1) continually updates the number of “non-
searching” vehicles at (i+ I) as a function of vehicles entering
the area (i, n',), vehicles that depart parking (i, n'p,s),
vehicles that are on transition from non-searching to searching
(ie., nl,ys), vehicles previously in the non-searching state (i.e.,
Ni,,), and vehicles leaving the area (i.e., nl,).

N

_ N i
- N s T n/ns + np/ns nns/s

- nlns/ (1)

Equation (2) continually updates the number of “searching”
vehicles at (i + 1) as a function of vehicles on the transition from
non-searching to searching (i.e., nl,), vehicles that are on the
transition from searching to parking (ie., ny,), and vehicles
previously in the searching state (i.e., N'y).

N =N+, —ni), (2

Equation (3) continually updates the number of “parked”
vehicles at (i + 1) as a function of vehicles on the transition from
parking to non-searching (i.e., n',,;), vehicles that are on the
transition from searching to parking (ie. n S/p) and vehicles
previously in the parked state (i.e., N',).

N;)_H Nl + ns/p ‘;)/ns (3)

Transition events. Based on the principles of probability and
traffic flow theories, the number of vehicles in the transition
events has been formulated. Assigning % to indicate the per-
centage of vehicles that choose not to use the parking system;
whereas (1-p%) are those expected to use the parking system.
Figure 2 displays the proportion of vehicles that are engaged in
each transition event and parking state.

Based on the transition events discussed in Table 1 and the
dynamic matrix above, a traffic demand or inflow of vehicles to
the system n’,,; may be obtained as an input to the model, which
can be approximated using a probability distribution or extracted
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from an agent-based model (e.g., MATSim). In contrast, all the
other transition events, #n',y, 1'sp, 1'yus and n',y are determi-
nistic and relate to average values.

The number of vehicles in transition from non-searching to
searching, (#',): This can be calculated by considering the total
inflow, through-traffic, and the distance required to shift state
from non-searching to searching (1,,./):

”5/5_ Z(l_ﬁ) n/ns yns/s (4)

where,

]_z 1 j=i—1

;) Lfl Z v - tand Z vot<l, +d!

ns/s
ns/s —

ns/. s S
0, if otherw1se

Y s s a binary variable (0 or 1) that indicates whether the

vehicle is ready to begin searching at time slice (7). Two condi-
tions must be met for the value to equal 1: the vehicles must have
driven at least a distance of I,y before starting the search, and
they must not have previously started the search.

At any given time slice i, the total number of vehicles that start
searching for parking may include vehicles that entered the area
prior to the time slice, i’e [I, i-1].

The first part of the equation of Eq. (4), E’ (1 —p . n ns
represents the portion of vehicles that need to be parked (i.e., total
demand minus through traffic (8%)).

The number of vehicles in transition from searching to
parking (n',). Calculated as a function of the number of
available parking spaces A, the number of vehicles looking for
parking spaces N, and the distance that an average searcher may
cover during that time slice according to the length of the
network d?/L. The formulation is based on three possible contrary
scenarios between (di), (s'), and (L); in which (d') is the average
cruising distance, (s?) is the spacing between adjacent vehicles,
and (L) is the length of the network.
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Scenario 2 can be further subdivided into three sub-scenarios:
mi> Al mi=AlL and mi<Al respectively; where m! is the
maximum number of vehicles passing at a specific point in time
slice (i), and (A?) is the available parking space at the beginning of
time slice (7). The formula is simplified as Eq. (5) with respect to
the time slice (#) range, and additional details can be obtained
(Cao and Menendez, 2015).

. LA
wi- (1= )" rsfo.tg]
(1 N

A+ [A"—N;'.

&
S
[
/o~
5
N
£ I
N~
=
-
™
<
2=
2|~
Z|
[l
=
vV
Z

n, =
I Al ifts[L 4

viINL?

A ot
i onif1 L log 7 - L L| Ai i
N; Ns(l N;) *(logN;>7’ft€[w.N;w']=A2Ns

N;, ifte[;, 00

]

(©)

The number of vehicles in transition from parking to non-
searching state (n',/,,): Derived from the distribution of parking
duration;

(i+1—1)-t
f(td)dtd
(i—i')t

i-1
n;:/ns = igl n;/p : / (6)
where, f(td) represents the probability density function of parking
duration, and the integral part indicates whether or not vehicles
are ready to depart between previous time slices.

As with n’,, at any given time slice i, the total number of
vehicles departing parking may include vehicles that accessed
parking in the previous time slices, i’ € [1, i-1]. The probability
that these vehicles depart parking during time slice 7 is equal to
the probability of the parking duration being between (i- i’)*t and
(i+ 1 - i)*t, the integral expression in Eq. (6).

The number of vehicles that leave the area in each time slice
(n',5): The number of departing vehicles calculated by adding up
the number of through vehicles and the number of vehicles that
reached the required distance to leave the system from parking at
that time slice ¢, Eq. (7):

. l_l s i i i o
”Ls/ - i/2=:1(ﬂl ' nl"S/ ' yl/) + n;/s ’ )/;,/ )

Time
where,
j=im1 L
) Lifl,< > v -t<l,+d ", and
kAR = A
0, if otherwise
j=im1 .
=1 5 sty and

0, if otherwise

yi/ and y 'p/ : are binary variables (0 or 1) that indicate whether
these vehicles leave the area within time slice i or not. Two
conditions must be met for each case for the value to be equal to
1: the vehicles must have driven at least a distance of [, or I,/ to
leave the area, and they have not left the area previously.

At each time slice, the transition matrix features of the system
continuously update the number of parking spaces (A’), the
density (K T), and speed (+/) dynamically, Egs. (8), (9) and (10),
respectively:

A'=A-N, (8)
i i
Ki — Ns +an (9)
Llane
‘ v if 0<K'<K,
V= v . (10)
Qunax K ; i
e (1-%) FK=K2K,

Graphically, a queueing diagram (cumulative number of
vehicles versus time graph) is used to estimate the total travel
time and the average cruising time. Figure 3 illustrates a time
graph of the cumulative number of vehicles transitioning between
each transition event.

A validation of the model implemented performance is
conducted by examining the aggregate cruising distance and
time, formulated as Egs. (11) and (12) below:

T(ab) =N -t (11)

b . .
Dy(a,b) =X+ -N' -t (12)

where, Ty(a, b) and Dy(a, b) are the commutative cruising time
and the distance from a to b, respectively.
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Fig. 4 Studying areas in the two CBDs. a Xujiahui CBD, Shanghai and b Bahnhofstrasse, Zurich.

Case study

Studying area. Two contrasting but significant central business
district (CBD) networks, Xujiahui in Shanghai and Bahnhof-
strasse in Zurich, were selected for empirical analysis, as illu-
strated in Fig. 4.

Xujiahui, a lively business district in Shanghai, symbolizes the
vibrant economic expansion and urban progress of mainland
China. It is renowned for its densely packed array of shopping
centers, corporate offices, and cultural attractions, presenting a
miniature representation of modern Chinese city life. In contrast,
Bahnhofstrasse in Zurich exemplifies the stability and prosperity
of Central Europe. It enjoys international recognition as one of
the most prestigious shopping streets globally, adorned with
upscale boutique stores, financial establishments, and historical
landmarks that merge traditional European architecture with
present-day economic endeavors. The deliberate choice of these
two CBD regions was due to their significant portrayal of the
socio-economic, political, and financial hubs in the respective
areas. A large portion of their central business districts is
dedicated to markets and stores, providing an excellent environ-
ment for examining the dynamics of parking systems in urban
commercial zones.

This comparative analysis encompasses three primary evalua-
tions. Initially, we assessed the present effectiveness of the
prevailing parking systems within these central business districts.
Subsequently, the responsiveness of these systems to parking
policy modifications was investigated by employing an elasticity
methodology, allowing for a more nuanced comprehension of the
potential consequences resulting from minor policy adjustments.
Finally, the ramifications of these policy changes on traffic
emissions were quantified, offering a comprehensive under-
standing of the environmental implications arising from parking
policies in prominent urban areas.

Input data. The estimated and real input data of the two CBDs:
Bahnhofstrasse and Xujiahui, are mainly from the two cited lit-
eratures (Cao et al., 2019; Sun et al., 2016), respectively.

Bahnhofstrasse CBD. The location is situated in Zone A, in
which only 10% of the parking lots are free to park (Cao et al,,
2019). In Zurich’s parking zoning scheme, Zone A corresponds

Parking garage

Jelmoli garage Talgarten garage

Capacity 222 1o
Fee (CHF/h) 3 4

to the central city region with the strictest parking regulations
and highest charges. The purpose of these regulations and fees
is to control traffic congestion and promote frequent turnover
of parking spaces. Zone B covers urban areas that are not as
heavily regulated, offering a balance between accessibility for
residents and visitors and turnover of parking spots. On the
other hand, Zone C includes peripheral or residential areas
where parking restrictions are minimal, often free or inex-
pensive. These areas are intended for longer-term parking and
use by residents.

Basic information: The area is around 0.3 km?, with a total length
(L) of 7.7 km and 15.4 in lane-km. The total number of existing
parking spots (A) in the network is 539, including 207 on-street
parking spaces and two garages named Jelmoli and Talgarten (See
Table 2 below), with the capacity of 222 and 110, and charging 3
and 4 CHF/h, respectively.

Initial conditions and traffic demand: The initial condition for
non-searching and searching states is zero, but for the number
of vehicles in parked states, N(?), is 183. The proportion of
new arrivals that correspond to through traffic is estimated as
23%.

Parking duration: The average parking duration is 227 min, and
the parking duration Vs. frequency graph is approximated to the
shape of the Gamma probabilistic distribution function of f(td)
~Gamma (1.6,142) (see Fig. 5).

Traffic properties of the area: Free-flow speed, critical, and min
speed are given as 19.64km/h., 12.5km/h., and 4.54km/h.,,
respectively. The maximal traffic demand of the network is 250
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veh/h/lane, and the critical and jam densities are set as 20 veh/
km/lane and 55 veh/km/lane, respectively.

Traveling distance: All distance inputs of the model kept being
uniformly distributed between 0.1 and 0.7, which means ~U (1/3
1, (24 1/3) r) for the given radius(r) = 0.3 km.

Xujiahui CBD. The area is located in Xuhui district in Shanghai
and is historically referred to as the area of commerce and culture
(Sun et al, 2016).

Basic information: The entire area is around 4.04 km? with a total
length (L) 10.155 km and 34.21 in lane-km. The total number of
the existing parking spots (A) (for public use) in the network is
2768 parking spaces (see Table 3. below).

Initial Conditions and traffic demand: The initial condition for
the non-searching and searching states is zero, but for the number
of vehicles in parked states assumed to be 940, to neglect the
difference between the initial conditions of the two systems, the
same proportion as Bahnhofstrasse is considered. The proportion
of new arrivals that corresponds to through traffic is estimated at
70% (Ni and Sun, 2018) due to the nature of the traffic infra-
structure around the network.

Parking duration: The average parking duration is 127-min (Sun
et al, 2016), and the parking duration vs. frequency graph is
approximated to the shape of Gamma probabilistic distribution
function of f(td)~Gamma (4.98, 25.46) (see Fig. 5).

Traffic properties of the area: MFD data from April 2015, March
18-31, 2016, and August 1-14, 2016: Free-flow speed, critical and
min speed given as 34.9km/h, 19.46 km/h, and 8.59 km/h,
respectively. The maximum Traffic demand of the network is
1275 veh/h/lane. Critical and jam density are set as 65.5 veh/km/
lane, and 148.44 veh/km/lane, respectively.

Traveling distance: All travel distances kept being uniformly
distributed between 0.38 and 2.646 km, which means ~U (1/3 r,
(24 1/3) r) for the given radius(r) = 1.134 km.
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Fig. 5 Probability distribution function of parking duration (f (td)).

Results and comparisons

Parking occupancy: As illustrated (Fig. 6), the Bahnhofstrasse
appeared to be at the saturation level near the peak hour demand,
whereas the Xujiahui maximum peak state is estimated at around
55% occupancy percentage. The saturation state in which there
are more searching vehicles than available parking spaces, is
recorded around the two peak sections between 9 a.m. to 11 a.m.
and then from 7p.m. to 9p.m. At this saturation period in
Bahnhofstrasse CBD, around 16 vehicles enter and leave the area
without meeting their interest in parking.

Cruising time and distance: The system dynamics model
output for the aggregate daily cruising time and distance for
Bahnhofstrasse is 213.19 h and 4178.27 km, respectively, but that
of Xujiahui is 60 h and 2090.8 km, respectively. (Refer to Tables
3 and 4 in “A” row). The results were obtained by summing each
dynamic time slice from 0 to 1440, of Egs. (11) and (12).

Parking supply adjustment. Accordingly, the parking perfor-
mance behavior of CBDs was examined during the introduction
of parking policies of +10% up to +50% and then the corre-
sponding performance indicators were obtained. +10% up to
+50% of parking lots are used to assess the impact of changes
introduced to the parking and traffic systems on the indicators.
Sensitivity, elasticity, and indirect impact on the environment are
quantified.

Sensitivity analysis. Sensitivity analysis was conducted to
demonstrate how much the parking performance would be
affected when certain parking-related policies were applied to the
system. By introducing £10% up to +50% on the two CBDs, the
cruising distance and time changes were obtained and are pre-
sented in Table 4 due to the parking space plus-minus from the
existing number of parking spaces (A).

The results clearly demonstrate that the cruising time and
distance of Xujiahui CBD are more stable than the Bahnhof-
strasse CBD against the percentage change in parking space
supply. The Xujiahui CBD experienced changes in parking
performance after (-45%) parking spaces were added from the
base 2768 number of parking spaces. As a result, the
Bahnhofstrasse CBD observed unstable and dramatic changes

V‘\

06 Xujiahui

10

0.9 { Bahnhofstrasse

038 4

05

Parking occupancy propertion

04

0 200 400 600 800 1006 1200 1400 (unit min)

(Time Slice in min for 24 hours)

Fi

g. 6 Parking occupancy variation in 24 h in the two CBDs.

Parking garage Gang-Hui plaza Hui-Jin plaza Metro plaza

Table 3 Parking garage capacity and fee per hour in Xujiahui CBD, Shanghai.

Zhongjin international building Oriental department store Sheng-ai building

Capacity 1260 500 191 333
(veh.)
Fee (RMB/h) 10 9 15 10

250 234

15 10
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Bahnhofstrasse CBD Xujiahui CBD
Adjustment | Parking | Cruising Cruising Parking | Cruising Cruising
space time (hr.) distance space time (hr.) distance
km km
(=50%) 270 1384
(—45%) 296 1522
(—40%) 323 1661 60.03 2090.85
(-30%) 377 1938
(—20%) 431 2214
(—=10%) 485 2491
A 539 213.19 4178.27 2768 60.02 2090.8
(+10%) 593 3045
(+20%) 647 3322
(+30%) 701 3599
(+40%) 755 3875
(+50%) 809 4152
a b
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e . 30 Atinitial value
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Fig. 7 Parking space elasticity on cruising distance of the two CBDs. a Bahnhofstrasse and b Xujiahui CBD.

in parking performance between +20% and -50% from the base
539 parking spaces.

Elasticity analysis. Elasticity quantifies how much percentage of
cruising distance will change as 1% of parking space change is
introduced by Eq. (13). The purpose is to demonstrate how
changes in parking policies affect the performance of the parking-
traffic system. As shown in Fig. 7, Bahnhofstrasse CBD is less
stable, both at plus or minus 1%, with a range of up to 8%
elasticity. On the other hand, Xujiahui CBD changes begin at -
40% space introduced, and rise to 3% at -50%, demonstrating
better stability.

[(Cruising distance(at A) — Cruising distance(at — 10%)]
10%

Elasticity at (—10%) =
(13)
Traffic emission analysis. Traffic emission analysis is an extension

of the parking performance-policy comparison, which discusses
the effects of parking policy adjustments on the environment. The

transportation sector accounted for approximately 20% of global
greenhouse gas emissions in 2017 without considering interna-
tional aviation and maritime emissions (EEA, 2018). From the
most significant pollutants emitted by on-road vehicles (EEA,
2018), CO (Carbon Monoxide), VOCs (Volatile Organic Com-
pound), NOx (Nitrogen Oxides) and PM (Particle Matter) have
been regulated in legislation, as well as FC (Floro Carbons) and
CH,; (Methane), which have a significant impact on Ozone
depletion and greenhouse gases emissions, have been selected for
this traffic emission comparison (Sun et al, 2020; Sun et al,
2021a; Sun et al., 2021b). A particular type of vehicle used for the
carriage of passengers with no more than eight seats in addition
to the driver’s seat and vehicles used for the carriage of goods
with a maximum weight not exceeding 3.5 tons were selected due
to the heavy-duty vehicle restrictions in both CBDs.

The average speed approach of the COPERT emission model
(Ntziachristos et al., 2009) was used to calculate overall traffic
emissions as a function of the emission factors and activity data.
As this study mainly concentrated on the impact of cruising
distance on the environment, only hot emissions were considered.
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Fig. 8 Impact of parking space changes on traffic pollutants in the two CBDs. a Bahnhofstrasse and b Xujiahui CBD.

Exhaust hot traffic emissions are described by emission factors
(EFs), which describe the mass (unit: gm) of a compound emitted
per driven distance (Colberg et al., 2005), as in Egs. (14) and (15):

Emission (gm.) = Emission factor(g/ km)x VKT (km)  (14)

Alphax v* + Betax v+ Gamma + Baia » (1 — RF)

Emission factor (g /km) = Epsilonx v2x Zetax v + Eta

(15)

Thus, parameters were derived from the nature of a vehicle’s
average travel speed (or road type), age, engine size and weight,
and detail emission factors of the COPERT model (Ntziachristos
and Samaras, 2019); and the VKT, vehicle kilometer travel were
obtained to assess the impact of parking policy changes on the
cruising distance.

Traffic emission: The aggregate yearly VKT is obtained from
the daily cruising distance (neglecting seasonal variation for
simplicity). Then the emission is weighted by each selected
pollutant (Fig. 8). The result demonstrates that the Bahnhof-
strasse parking system is highly sensitive to the policy change of
reducing parking space.

Parking duration policy changing. During the second parking
policy adaptation, the average parking duration was adjusted by
+10% up to £50% from the existing mean value. After examining
the impact of parking duration shifts on the two CBDs, traffic
emissions are quantified as a function of the resulting aggregate
annual cruising distance and traffic nature (Chen et al., 2020; Sun
et al,, 2018).

The sensitivity analysis was conducted to determine the effects
of the fixed plus-minus of the average parking duration on the
performance of the two parking systems. The impact of
the average parking duration shift on the cruising nature of the
parking systems is presented in Table 5. The Xujiahui CBD shows
no change and maintains the system’s independence from
parking duration; on the other hand, the Bahnhofstrasse CBD
continues to be sensitive to shifts in parking duration.

To illustrate the property of the parking systems, the average
parking duration elasticity on cruising distance was calculated. As
shown in Fig. 9, the elasticity in Bahnhofstrasse extends up to
more than 6%, while in Xujiahui CBD, a shift in parking duration
doesn’t have an impact with zero elasticity.

The environmental impacts for the two cases were also
assessed, and are shown in Fig. 10. The Bahnhofstrasse CBD
was found to have an increase in traffic emissions due to its
longer cruising distance, while Xujiahui CBD does not show any
significant impacts.

Parking fee adjustment. The parking occupancy results in Fig. 6
show that only Bahnhofstrasse recorded saturation intervals. To

increase the efficiency of the parking system, parking fees were
adjusted in the network (Culjkovic, 2018). The saturation inter-
vals were recorded between 9:00 and 11:00, and between 19:00
and 21:00, during which 16 vehicles searched for parking, then
had to leave the area without getting a spot. Considering these
unsatisfied demands for parking, adjustment of parking fees may
be introduced as an option, as in Eq. (16):

Cruising time

Additional parking fee per hr. = x Value of time

(16)

From the simulation model, the overall cruising time is 213 h,
among which the peak load is 2156 (4 space hrs. * 539), and the
average value of time is 22.6 CHF per hour (Francesca, 2019),
with an additional parking fee calculated as 2.23 CHF. This
means the demand at this peak time must be subjected to 5.23
CHF and 6.23 CHEF per hour for the Jelmoli garage and Talgarten
garage, respectively. Meanwhile, pricing in reality is complex, and
even its antecedent shadow could have sociopolitical conse-
quences. A further investigation of price elasticity to demand and
cross-relationships between different factors may help to provide
insights into the behavioral economics of certain transportation
networks.

Parking load

Conclusions

This study models urban parking system dynamics using mac-
roscopic network data, instead of individual microscopic data,
which saves and minimizes data collection and computational
costs significantly. Moreover, the model doesn’t require complex
simulations and can be solved with a comparable simple
numerical solver or Excel spreadsheet. The main objective is to
determine how parking-traffic systems change as a result of
parking policy changes, including cruising time, cruising distance,
and parking occupancy variation. The sensibility and elasticity
results on +10 to +50 adjustments of policy changes were
examined. Then, by adopting a straightforward emission model,
the paper articulated how different parking policy changes impact
the environment in different CBDs. The emissions of different
pollutants were calculated as a function of the cruising distance
from policy changes. Additionally, it was found that parallel peak
hours and initial conditions of parking state proportion offered a
clear picture of the performance of the parking system with policy
changes. The comparative study summarizes that Bahnhofstrasse
CBD is more responsive to parking policy changes than Xujiahui
CBD. By investigating policy impacts on both parking and traffic
indicators, the results were found to be dependent on the
aggregated daily cruising distances, which may be indirectly
reflected in the nature of the infrastructural development, the
proportion of through-traffic, the culture of vehicle ownership,
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Fig. 9 Average parking duration elasticity on Cruising Distance of the two CBDs. a Bahnhofstrasse and b Xujiahui CBD.
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Fig. 10 Impact of average parking duration change on traffic emission pollutants in the two CBDs. a Bahnhofstrasse CBD and b Xujiahui CBD.
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and driver behavior of the two cities. Therefore, one possible
explanation is that Xujiahui CBD in Shanghai was largely con-
sidered as a bypass rather than a destination or trip ending
compared to Bahnhofstrasse CBD. This deductive reasoning may
be related to the varying percentage of through vehicles, which
also has a domino effect on the resulting aggregate daily cruising
distance.

The research employed a model that utilizes the macroscopic
fundamental diagram to examine parking and traffic flow more
efficiently and with reduced computational expenses. In contrast
to studies based on microscopic analysis, which necessitate
extensive data and intricate calculations, this paper employs
typical values and fundamental principles of probability and
traffic flow theories. The methodology not only simplifies the
analysis but also improves user-friendliness for a broader audi-
ence, including urban planners and traffic managers without
specialized knowledge in traffic modeling.

Combined data at the network level over time were utilized to
offer a notable benefit for practical uses, which allow for a more
efficient and affordable examination of traffic and parking trends
and are especially important for cities with limited resources.
Additionally, the dynamic or continuous-time modeling and
calculations provide valuable information about the real-time
operation of parking and traffic systems. This aspect is particu-
larly advantageous for urban managers and policymakers as it
empowers them to make better-informed choices regarding traffic
management and urban development. The framework can be
useful for city planners and traffic authorities to improve parking
policies and manage traffic flow. By comprehending larger pat-
terns and changes, managers may stipulate better regulations for
parking, thus decreasing traffic congestion and enhancing urban
mobility. Furthermore, the modeling capability in various policy
scenario simulations may also serve as a valuable tool in strategic
planning, allowing cities to anticipate and address potential
problems in the transportation systems.

Overall, this paper offers a structure for a pragmatic method to
evaluate parking and traffic that has the potential to assist with
urban planning and administration. The simplicity, affordability,
and ability to analyze in real-time make it an essential resource
for city officials and decision-makers to improve urban mobility
and sustainability (Ma et al., 2023; Nian et al., 2024). The research
holds great potential for enhancing our comprehension of park-
ing system effectiveness and its ecological consequences. None-
theless, it is imperative to recognize the limitations of the study,
as they open up opportunities for future research directions. First,
the model configuration utilized, although effective for conduct-
ing comparative analysis, is mainly based on a number of sim-
plified assumptions. The assumption that parking locations are
uniformly distributed fails to acknowledge the intricate spatial
dynamics of urban areas, where parking availability varies due to
various local factors. Future models should incorporate spatial
variations to accurately reflect the complexities inherent in urban
landscapes. Moreover, the use of a fixed peak hour time and a
constant demand distribution does not capture the variable nat-
ure of urban traffic. Traffic conditions in urban areas are subject
to fluctuations influenced by diverse factors, which may be
modeled through a dynamic approach. For example, the inter-
action between local and transit traffic in urban settings is a
dynamic phenomenon that requires further exploration in sub-
sequent studies to fully understand its impact on traffic flow and
parking demand. In terms of estimating traffic emissions,
applying uniform emission factors across different cities may not
accurately represent the unique environmental contexts of each
location. A finer understanding of environmental impacts may be
obtained by incorporating city-specific emission factors and
pollutant types in future studies. Using the European traffic

emission assessment model without adaptation poses limitations
when applied to the Chinese context. Considering regional dif-
ferences in vehicle types, driving behaviors, and urban layouts is
crucial for obtaining emission factors that are more accurate and
specific to each region.

While this study offers valuable insights into Xujiahui in
Shanghai and Bahnhofstrasse in Zurich, it is important to recog-
nize that these specific areas may not fully represent the diverse
range of urban settings. Therefore, including a more varied
selection of urban areas would allow for assessing the broader
applicability and adaptability of the developed model. To con-
clude, this research contributes to understanding of urban traffic
and parking management by uncovering important relationships
and patterns. However, the outlined limitations underscore the
necessity for more comprehensive studies, which may be addres-
sed to provide more accurate assessments of environmental
impacts and support the development of effective urban planning
and policy-making strategies aimed at enhancing urban mobility
and sustainability. To optimize performance evaluation, future
studies should explore how dynamic pricing influences parking
demand and traffic indicators. Additionally, quantifying beha-
vioral changes resulting from updated policies may assist in
establishing a framework for optimizing cruising distance and
time with efficient parking occupancy, which is crucial in devel-
oping future transportation applications such as smart parking
systems, as well as designing continual evaluations of smart
applications like smart garages, smart parking apps, smart parking
reservations, and Parking Variable Message Signs (VMS). In fact,
the transport bureau of Xujiahui district, Shanghai is planning for
possible dynamic parking tolling in several selected parking lots,
which would definitely affect the parking demand, and with some
meaningful outputs, although the counterpart CBD, Bahnhof-
strasse, may not have similar implementations. Furthermore,
incorporating realistic assumptions about variations in the value of
time (VOT) across different income groups may address model
limitations that only consider car demand while neglecting the
factors influencing on- and off-street parking decisions, which
may be explored in future research efforts.
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Some or all data, models, or codes that support the findings of
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