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Abstract: In order to reduce the pressure on urban road traffic, multi-modal travel is gradually
replacing single-modal travel. Park and ride (P + R) and kiss and ride (K + R) are effective methods
to integrate car transportation and rail transit. However, there is often an imbalance between supply
and demand in existing car occupant transfer facilities, which include both P + R and K + R facilities.
Therefore, we aim to conduct a research on P + R and K + R facilities” collaborative decision. It first
classifies car occupant transfer facilities into types and levels and sets the service capacity of each
category. On the premise of ensuring the occupancy of parking spaces, our model aims to maximize
the intercepted vehicle mileage and transfer utility and establishes an optimal decision model for
car occupant transfer facilities. The model collaboratively decides the facilities in terms of location
selection, layout arrangement, and overflow demand conversion to balance the supply and demand.
We choose Chengdu as an example, apply the multi-objective optimization model of car occupant
transfer facilities, give improved schemes, and further explore the influence of the quantity of facilities
on the optimization objectives. The results show that the scheme obtained by the proposed model is
significantly better than the existing scheme.

Keywords: park and ride; kiss and ride; facility layout; collaborative decision; multi-objective optimization

1. Introduction

In the rapid process of urbanization, a phenomenon of the separation of work and residence
in large cities has become more and more obvious. Therefore, the commuting cost of residents is
increasing. In order to meet residents’ needs and improve travel efficiency, urban supply is also
developing from single road transportation network to multi-modal transportation network. At the
same time, some large cities in the world have implemented vehicle access restrictions. Laws and
regulations related to driving include limits on car use based on certain criteria, such as emission levels,
days of the week, time of the day, area (usually a city center), license plate number, and so on [1].
Therefore, for restricted travelers and cars, multi-modal transportation is also a way to circumvent
vehicle access restrictions.

As a typical combined travel method, the car + rail transit mode is usually embodied as two
forms: park and ride (P + R) and kiss and ride (K + R). Both of them limit the traffic flow of cars to
the periphery of the city through the conversion of passenger flow between the road network and
the rail transit network. As a result, they are able to reduce traffic congestion in downtown [2,3],
upgrade transportation network service level, decrease traffic pollution, and promote transportation
sustainability [4,5]. Commuters are able to save costs by participating in the combined travel method [6].
P + R facility is built for providing parking space for private cars, bicycles, etc. and guides travelers to
park their vehicles outside the city center and transfer to public transportation. K + R is a temporary
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stop-and-ride method, which means that traveler take a taxi or online ride-sourcing service, etc. to reach
a metro station and transfer to public transportation. Since ride-sourcing + rail transit mode accounts
for the highest proportion among all K + R modes, the “K + R” mentioned below in this article refers
to the ride-sourcing + rail transit mode.

Through an investigation of the existing P + R facility operation, it was found that the operation
quality of such facilities is uneven, and many of them have a phenomenon of mismatch between
supply and demand. On the whole, even the rapid growth of urban infrastructure construction is
far behind the growth rate of urban car ownership and travel demand [7]. The primary reason for
this phenomenon is the unreasonable location of facilities. Inappropriate location selection will only
increase the burden on the transportation system and cause waste of resources [8]. In addition to the
location of facilities, the reason for the mismatch between supply and demand also encompasses a lack
of multi-mode integration and flexible supply. More importantly, once built, transport infrastructures
are hard to change and probably show a lack of adaptive capacity [9]. As of now, P + R facilities
have not yet had a scientific system of hierarchical standards and specifications. It is difficult to
match different levels of demand while setting up appropriate parking facilities. Based on the above
analysis, we argue that K + R facilities can be used as a kind of supplementary alternative to P + R
facilities, and these two forms should be collaboratively planned as a car occupant transfer facility,
which includes both P + R and K + R facilities. Furthermore, elastic changes of parking and transfer
demand should be fully considered for establishing a scientific and reasonable layout decision model.
The perspectives above are of great significance for guiding a transportation mode conversion and
improving the efficiency of multi-modal transportation systems.

At present, there is a comprehensive evaluation model of preliminary station selection for facility
location decision. This can initially select a batch of stations that are suitable for setting up car occupant
transfer facilities from the perspective of geographic space, in order to reduce the amount of data for
the final decision model. In addition, there is a logit model that provides demand prediction for the
optimization model, which can provide P + R and K + R demand prediction for corresponding stations.
This will be one of the important basic data in the layout decision model.

We firstly aim to classify and grade car occupant transfer facilities. With the demand forecasting
as the basic data and on the premise of ensuring occupancy, our model takes the maximization of
intercepted vehicle mileage and the maximization of transfer utility as goals to establish a P + R and
K + R collaborative layout decision model. This model is able to give a reasonable scheme as a reference
for improving the operational efficiency of multi-modal transportation networks and meanwhile
provides theoretical support for improving the effectiveness of urban transportation planning.

2. Literature Review

The research of optimization theory on car occupant transfer facility is relatively rich. According
to the difference of city form, road traffic network structure, and traffic policy, the research objectives
and methods are also different [10,11]. The optimization goals of some scholars are to maximize
economic benefits and minimize social costs. Wang et al. [12], established a P + R facility location and
parking cost optimization model. The research object of this model was the traffic corridor of a strip
in a city. The research results showed that with the goal of maximizing economic benefits, setting
P + R facilities in the Central Business District (CBD) and charging 9-11 HKD for parking fees was
the optimal strategy. However, with the goal of minimizing social costs, P + R facilities should be
set up far away from the CBD and the parking fee should be reduced. Song et al. [13] also aimed
to minimize social costs and proposed a collaborative planning method for park-and-ride and bus
services. Sargious and Janarthanan [14] suggested a process for locating one or more P + R stations
in a way that the cost of the system to the commuters and the community is minimized. Zhang [15]
analyzed the influencing factors of location decision for P + R facilities and established the final location
decision-making model with maximum utility as the objective function.
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Some scholars established a P + R facility layout model with the goal of maximizing intercepted
traffic volume. Horner and Groves [16] established a location selection model with the goal of
maximizing the amount of online passenger flow. Fang and Wu [17] referred to the achievement of
Horner and Groves and established a P + R discrete location selection model with the maximization of
intercepted network vehicle mileage as the location goal. Liu and Yan [18] calculated the candidate
stations’ attraction range of passenger flow, accessibility of public transportation network, and other
indicators and derived a Geographic Information System based (GIS-based) optimization method for
the transfer facility layout decision. Gong [19] established a bi-level programming multi-objective
optimization location model for P + R based on the traffic flow interception level along with accessibility
and cost-effectiveness ratio of the transportation system. Cheng [20] incorporated a variety of goals
into the layout decision-making model, including the maximization of intercepted traffic volume,
network cost-effectiveness ratio, and commuters’ benefits. Zhao [21] comprehensively considered the
factors of the attraction range, the accessibility, and the convenience of transfer and believed that the
maximization of intercepted vehicle mileage is the main goal for facilities” location selection.

There are also some scholars who proposed that other influencing factors or goals should be used
to determine the layout of P + R facilities. Holguin-Veras et al. [22] aimed to maximize the impact
area, while Farhan and Murray [10] established a multi-objective optimization model to optimize the
location of P + R facilities. He [23] formed the P + R facility location selection model from four different
aspects, including the public transit network, road network, the distance between P + R facility and
downtown, and the land type of P + R facility. Bos et al. [24] proposed that the reliability of public
transportation connected to transfer stations is an important factor affecting P + R facilities” layout,
including commuters’ travel time and travel costs. Pei and Liu [25] established a transfer intensity
model from the aspects of the density of the urban road network and the accessibility of the bus
network and used it as an important reference for planning P + R facilities. Fan et al. [26] developed a
bi-level programming model to locate P + R facilities, combining the maximization of social welfare
and a stochastic user equilibrium. Wang [27] considered travel time, currency cost, and comfort level
as factors and constructed a P + R facility layout decision model under urban multi-modal traffic
conditions. Hamid [28] proposed that the accessibility from a P + R transfer station to the city center
should be one of the main considerations during the P + R station’s location selection.

In recent years, research on K + R is not as common and focused as those on P + R. Schank [29]
took different commuter railway stations near New York City as an example and believed that K + R
was an effective means to help reduce parking problems while enabling an increase in ridership. At the
same time, the author believed that the 15 min or 1 h short-term parking spaces for K + R should be set
up, respectively, through parking spaces’ type conversion, in order to separate K + R from P + R traffic.

Weiss and Habib [30] established a spatially weighted error correlation discrete choice model
to analyze the difference between K + R and P + R. The author believed that K + R and P + R were
two cases or choices that combined private cars and transit and that they had different characteristics.
Based on a survey in the Greater Toronto and Hamilton Area (GTHA), they believed that the generation
of K + R travel mode was particularly related to the variables on a household level. In addition, the
author also analyzed the advantages of the K + R method over those of the P + R, including simple
parking search process, low requirements for parking spaces, short walking distance for passengers to
transfer, and so on.

3. Methods

Our P + R and K + R collaborative layout decision-making method mainly includes a division of
car occupant transfer facility’s type and hierarchy and a multi-objective programming model. Transfer
facilities are divided into categories according to their ability to meet different types of demand. For the
objective programming model, we decide to use two optimization objective functions along with
constraints and demand conversion equations listed from various aspects.
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3.1. Division of Car Occupant Transfer Facility’s Type and Hierarchy

The main body of the collaborative decision of car occupant transfer facilities includes P + R facilities
and K + R facilities, and the characteristics of different facilities will directly affect the optimization
strategies. P + R and K + R have similarities and differences in the factors that influence their
method selection, their facilities” space occupancy characteristics, layout characteristics, and service
scope. This is the premise for improving the accuracy and pertinence of facility configuration.
This research believes that the collaborative decision of these two types is the key to giving play to
their respective advantages, avoiding limitations, and improving system transportation efficiency.
Therefore, car occupant transfer facilities can be divided into two types:

1. P+ Rfacility. This type of facility mainly serves P + R demand, supplemented by K + R demand.
It is suitable for stations with a high level of car occupant transfer demand. In this facility, when
the P + R demand exceeds the service capacity and a demand overflow occurs, the P + R demand
can be transferred to the K + R parking spaces in the facility.

2. K+ Rfacility. This type of facility only serves the needs of K + R. It is suitable for locations where
the car occupant transfer demand reaches a certain level, but the P + R parking lot cannot be built
due to the space resource limitation or the inadequate demand to build the P + R facility.

At the same time, from the current status of P + R construction, it can be seen that the service
capability provided by P + R facilities in diverse locations are different. With the change of locations,
the needs of K + R are also different. Therefore, in order to make the collaborative layout decision more
detailed, this research divides the above two types of facilities into two levels (Figure 1). According
to the passenger flow survey data and the existing P + R facility plan and after getting the opinions
and suggestions of the decision makers and planners from the municipality, different facility service
capabilities were set for each level. The specific classification methods and level thresholds are shown
in Table 1.

P+R facility K+R facility
6o — =
Level 1 — » Ear>> 2
—
s e By ©l @ P+R demand
= T TG == .
Level2 ©0 "7y ™ E = ker demad
ol o Setr—g % K 2

Figure 1. The classification structure of car occupant transfer facilities. P + R, park and ride; K + R, kiss
and ride.

Table 1. The service capacity of car occupant transfer facilities (Unit: vehicles/day).

P+R(k=1) K+R(k=2)
Level 1 Csum(C}h, C12) Csum(CH, CP)
G=1 1400 (800, 600) 200 (0, 200)
Level 2 Csum(C3t, C3%) Csum(C3,C2)
G=2 1800 (1200, 600) 300 (0, 300)

The table lists the maximum number of vehicles served per day by the two types and two levels
of facilities. It can be converted to the quantity of parking spaces according to the turnover rate.
The service level of the facilities in the table is represented as Cgyjp (Ck.m, C’?m), where C represents the
service capacity of the facility, k represents the type of facility (k = 1is P + R facility, k =2is K + R
facility), j represents the level of the facility, and m represents the type of demand (m =1is P + R
demand, m =2 is K + R demand).
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3.2. Establishment of Multi-Objective Optimization Model

In order to reasonably plan car occupant transfer facilities and improve the matching degree of
supply and demand, it is necessary to establish a multi-objective optimization model to obtain the
location and corresponding types and levels of car occupant transfer facilities.

3.2.1. Model Assumptions

In order to facilitate the construction and solution of the model and make it match the actual
situation, some assumptions and simplifications need to be made to the problem.

1. The attraction range of each station’s transfer facility is the same fixed value. The attraction
range refers to the geographical distribution range of travelers who live near the car occupant
transfer facility and at the same time, have transfer demand and are willing to come to the station
for transfer.

2. The transfer demand attracted by any station will remain unchanged after this station’s car
occupant transfer facility is completed, at least for a short period of time.

3. The high-level facilities are able to offer the functions provided by the lower-level facilities.

4.  Candidate stations that fail to set high-level facilities can become low-level candidates for
low-level facilities.

5. For type 1 facilities (P + R facilities), in the case that the service capacity for P + R of the facility at
a certain station is insufficient, travelers who originally have the need for P + R transfer at this
station can unconditionally adopt the K + R method. However, travelers who originally have the
need for K + R are not able to accept the P + R method.

3.2.2. Symbol Description of Some Parameters

In subsequent formulas, many parameter symbols will be used repeatedly. Therefore, they are
explained here while the explanation will not be repeated below. Please refer to the instructions in this
section when reading the subsequent formulas.

m represents the type of demand (m = 1is P + R demand, m = 2 is K + R demand);
k represents the type of facility (k = 1is P + R facility,

k =2is K + R facility);

j represents the level of the facility;

q;" represents the type m demand of candidate station i (vehicles/day);

AR S

f{" represents the type m demand of candidate station i under the supply capacity limitation
(vehicles/day);

N

d; represents the distance from station i to city center (km);
8. Xf is the decision variable in optimization model and represents whether to set a car occupant
transfer facility of type k and level  at station i.

3.2.3. Decision Variable and Optimization Objective Functions

The decision variable of this model is whether to set a certain type and level of car occupant
transfer facility at a certain station. Therefore, the decision variable is Xf Its value of 1 means that
a type k level j facility is should be set up at candidate station i, while its value of 0 means that the
facility should not be set up.

The two optimization objectives of this model are as follows:

1. Maximization of intercepted vehicle mileage

The transfer demand starts from the user’s starting point of travel. After encountering the
car occupant transfer facility, they may choose to change their travel mode and transfer to public
transportation. According to the functions of the transfer facility, the main purpose of the facility is
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to intercept the cars outside the CBD and avoid them entering the city center by letting the travelers
complete the transfer earlier. In this way, the intercepted vehicle mileage in the network is maximized.

The mechanism of the existing flow interception model is that if a car occupant transfer facility is
constructed at a station, all transfer traffic flow around it will disappear. That is to say, the transfer
demand can be fully satisfied, which is inconsistent with the actual situation. In fact, the transfer facility
has a limitation of service capacity, and the overflow demand will not be satisfied. Therefore, in this
model, the intercepted traffic volume should consider the constraint of facility supply. The objective

can be expressed as
maxZ = Z Z Z Z fimdin-{j 1)
ij ko om

where Z represents the total intercepted vehicle mileage.

2. Maximization of transfer utility

When deciding the layout of facilities, in addition to the intercepted vehicle mileage at the level of
traffic network, it is also necessary to reflect the guiding role of the facilities for mode conversion from
the perspective of travelers, which is named as transfer utility. Therefore, the second optimization goal
is to maximize the transfer utility. The objective can be expressed as

maxU:ZZZZmeimej )
i om K

where U represents total transfer utility, V;, represents the single utility of transfer demand of type m.
According to Liu’s study on Logit model for car occupant transfer [31], the formulas for single utility
of P+ Rand K + R demand are

V1 = 0.59dis tan ce — 0.26tinveh; 4 0.03tinvehy — 0.83ttrans fer — 1.06incomes — 0.89incomes 3)

V5 =0.43dis tan ce — 0.07tinveh; — 1.01ttrans fer — 1.57incomey — 1.59incomes @
—1.56incomey — 3.45incomes
where distance is the distance from between transfer station and CBD (km), tinveh, and tinveh, are
the duration on car and train (min), tfrans fer is the duration required for transfer at the station (min),
incomey, incomes, incomey, incomes are the levels of traveler’s personal income (thousand RMB/year),
representing 101~150, 151~200, 201~300, and >300, respectively.

3.2.4. Restrictions

1. Thresholds for constructing car occupant transfer facilities at candidate stations
Due to the high construction cost of P + R facilities, if there is a surplus of parking spaces several
years after completion, the economic benefits will not be optimistic. This will show the unreasonable
layout of the facilities. Therefore, the construction of P + R facilities needs to be restricted by the
threshold. The specific value of the threshold can be determined according to local actual conditions
and the expectations of the authorities. Only when the demand of the station is greater than this
threshold, there is the possibility of constructing P + R facilities. Otherwise the setting is not considered.
This condition can be expressed as
g 2T 5

where I'! is the threshold for constructing P + R facility, taking 500 (vehicles/day, about 60% of Level 1
P + R facility’s max capacity for P + R demand).

In the same way, when K + R demand is insufficient, there is no need to carry out special
management control and parking spaces for K + R transfer vehicles. The constraint is expressed as

q; = T? ©6)
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where I'? is the threshold for constructing K + R facility, taking 100 (vehicles/day, about 60% of Level 1
K + R facility’s max capacity).

2. Service capacity constraints of car occupant transfer facilities

This model needs to consider the service capacity of different types and levels of car occupant
transfer facilities. The demand that the facilities are able to meet should not exceed the facilities’ capacity,
while the overflow demand should be converted or unsatisfied. The constraints are expressed as

if g > Ci", then f" = Ci" .
ifg!" < C’]?m, then f" = g
3. Quantity constraint of facilities
The quantity of car occupant transfer facilities decided to be built is determined. The model
should meet the limit of quantity p. The constraint is expressed as

Z;;XZ_P (®)

4. Value constraint for decision variables
According to the definition of decision variables, one variable’s value should be 0 or 1.

<k { 0, if not decide to build a facility of Type k Level j at Station i ©)
ij

1, if decide to build a facility of Type k Level j at Station i

5. Conditions of demand conversion
For type 1 facilities (P + R facilities), when P + R demand overflows and there is still room for K +
R at this station, P + R demand can be converted into K + R demand (as the model assumption No. 5
in Section 3.2.1).
if ql.l < C}l,q% < C]1.2, then fl.1 = q},fi2 = qf;
if g; 2 Ci',q7 2 C}, then fl = C}l, f2 = C2%;
el 11 25 12 1_ g1 2 _ A2,
if q; SC]. e ZCj ,thenfi —ql.,fl. —C]. ;
el 11 2 o cl12 1_ 11 2 _ 2 1_c11
if g; >2Cil g <C , then f, =G SfE=q —|—(ql.—C]. )

(10)

4. Results and Further Analysis

Based on the theoretical methods of car occupant transfer facilities” layout decision mentioned
above, we selected Chengdu as the research application example and tested the proposed model.

Chengdu is a densely populated city with a complete rail transit network. However, due to the
large daily traffic volume in the central city and huge travel demand of residents outside the city,
Chengdu is promoting the construction of car occupant transfer facilities. The currently completed
P + R facilities are located at Jincheng Square Station, Shengxian Lake Station, Xipu Station, Chengdu
Administration Institute Station, and Dayuan Station (Figure 2).

At the same time, as the Internet has changed the lives of residents, the proportion of smart travel
in urban residents’ transportation is increasing day by day. At present, the K + R travel mode in
Chengdu is also welcomed by many travelers. More and more people choose to travel by ride-sourcing
service to metro stations and transfer to rail transit in order to reduce commuting time.
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Jincheng Square Station

Figure 2. Existing P + R facilities in Chengdu.

4.1. Data Preparation

8 of 17

The quantity of rail transit stations in Chengdu is huge, we cannot take all stations into the
calculation of the proposed decision-making model. In addition, some of the required input data
cannot be directly obtained through investigation and measurement. Therefore, we need a process for
data preparation, including the selection of candidate stations and the forecast of transfer demand.

4.1.1. Selection of Candidate Stations

According to Liu’s preliminary selection model of car occupant transfer facilities based on spatial
analysis theory [31], combined with the actual situation of Chengdu metro network, a comprehensive
evaluation model was solved. As a result, 20 stations were preliminarily determined as the candidates

for the proposed multi-objective optimization model. Their locations are shown in Figure 3.

(O Candidate station

Figure 3. The preliminarily selected 20 candidate stations.
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4.1.2. Car Occupant Transfer Demand Forecasting for Each Candidate Station

With reference to the population data of Chengdu and the proportion of travel modes of Chengdu
residents [31], the passenger volume of cars was calculated. By identifying car travelers as potential
users of car occupant transfer facilities, the all-day demand for each candidate station could be obtained.
According to Liu’s multiple Logit models and parameter calibration results based on the choosing
willingness of car transport, P + R method, and K + R method in Chengdu [31], the P + Rand K + R
all-day demand for each candidate station was forecasted and listed in Table 2.

Table 2. Prediction of car occupant transfer demand.

Metro Station P + R Demand K + R Demand Distance between
Number (Vehicles) (Vehicles) Station and CBD (km)
1 771 161 7
2 1445 301 6
3 466 97 5
4 808 169 6
5 418 87 6
6 991 207 5
7 814 170 3
8 913 190 3
9 237 50 6
10 1392 290 13
11 798 167 1
12 1339 279 3
13 809 169 2
14 1417 295 6
15 1606 335 4
16 473 99 12
17 590 123 6
18 427 89 5
19 216 45 9
20 429 90 10

4.2. Optimization Results Based on Existing Quantity of Facilities

Through data preparation, we can take the Chengdu case into the P + R and K + R collaborative
layout decision-making method described previously and get a layout scheme. By comparing this
scheme with the existing facility layout scheme in Chengdu, we can observe the effect of the method
proposed in this article.

4.2.1. Optimization Results of Layout Decision

Aiming at the current situation and problem, we adopted the car occupant transfer facility
hierarchical decision model for location selection. Considering that the quantity of P + R facilities that
have been built in Chengdu is 5, we set 5 as the quantity of facilities set up for the optimization model.
The model was run, and it converged after 40 iterations. The following results were obtained (Table 3
and Figure 4).
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Table 3. Optimization results.

Type and Level Setting Location P + RDemand Met K + R Demand Met
of Facility (Metro Station Number) (Vehicles/day) (Vehicles/day)
1 771 161
P+ RLevel 1 2 800 500
10 800 600
14 1200 512
P+ R Level 2 15 1200 600
Objective function: 70,000 Intercepted vehicle mileage: 49,700 (vehicle-km)
Transfer utility: 68,299 Satisfaction rate for P + R overflow demand: 65%

Y& P+R Level 1
Y P+R Level 2
(O Candidate station

Figure 4. Facility layout scheme based on existing demand and facility quantity.

The quantity of parking spaces in the car occupant transfer facility can be calculated from the
P + Rand K + R demand met in the table above. The formula for calculating the quantity of P + R
parking spaces is as follows:

Qp+R 1)

N =
PR =

where Np_ g represents the quantity of P + R parking spaces, Qpr represents the P + R demand met
by the car occupant transfer facility, y represents the parking space utilization, a represents the parking
turnover rate. Considering the actual situation of P + R behavior and parking lot, y is 0.95 here, while «
is 1.

The formula for calculating the quantity of K + R parking spaces is as follows:

Qk+R
e (12)

Nk4+r =

where N g represents the quantity of K + R parking spaces, Qg r represents the K + R demand met
by the car occupant transfer facility. Here y is 1, while « is 40.

From the results above, each station’s parking space scheme of the optimization model based on
existing demand and facility quantity can be obtained as shown in Table 4.
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Table 4. Each station’s parking space scheme based on existing demand and facility quantity.

Setting Location Quantity of P + R Quantity of K+ R
(Metro Station Number) Parking Spaces Parking Spaces
1 812 4
2 842 12
10 842 15
14 1263 12
15 1263 15

It can be seen from the calculation results that the Level 1 P + R facilities are set up at station No. 1,
2,and 10, and the Level 2 P + R facilities are set up at station No. 14 and 15.

In terms of spatial location, the locations of the five proposed facilities are mainly at the periphery
of the city center. This result is more consistent with the existing layout situation in Chengdu, that is,
the five constructed car occupant transfer facilities are mainly located in suburbs.

From the perspective of the matching degree of facility settings and demand, the P + R demand
levels of these five stations are all relatively high. This indicates that the facilities are set up in
high-demand locations first to meet the needs of users in high-demand areas. It can be concluded that
the layout of these facilities are well matched to the demand, which can ensure the continuous and
effective operation of the car occupant transfer facilities.

From the optimization results, this layout decision reduces the number of vehicle-kilometers
to 49,700, increases the transfer utility to 68,299, and meets 65% of the P + R overflow demand.
This scheme achieves a certain purpose of intercepting the flow of cars and digesting the overflow of
P + R demand.

4.2.2. Comparison of Optimization Results and Current Situation

In order to further explore the characteristics of the model, this section compares the optimization
results with the effects of the current car occupant transfer facilities in Chengdu.

Compared with the existing car occupant transfer facilities in Chengdu, the location of station
No. 14 is the same as that of the existing stations. The reason may be that the area where station No. 14,
Jincheng Square Station, is located has gathered a large number of high-tech industries and has obvious
commuting characteristics. At the same time, it is also a commercial gathering area. The integrated
construction of commercial buildings and transfer facility will help enhance the attractiveness of the
traffic hub.

Table 5 illustrates the comparison results of the traffic flow interception effect and transfer utility
between the existing and optimization schemes. The results show that compared with the current
layout scheme, the optimization plan obviously improves the efficiency and positive influence of car
occupant transfer facilities.

Table 5. Comparison between current layout scheme and optimized layout scheme.

Current Scheme Optimized Scheme Promotion
Intercepted Yehlcle Mileage 38,840 49,700 27%
(vehicle-km)
Transfer Utility 52,310 68,299 31%
Satisfaction rate for P + R 0 65% 65%

overflow demand

Compared with the traditional P + R layout model, the optimization model has two advantages:

1. The optimization layout scheme has the distribution of facilities both in the city center and at the
edge of the urban area. It not only provides services for commuters in the suburb but also meets
the needs of travelers in the urban area.
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2. The optimization model adopts the collaborative decision of P + R and K + R, which meets the
requirements of elastic supply. When P + R demand overflows, the overflow demand can be
transferred to the K + R facility. In this case, an additional 58 K + R parking spaces meet 65% of
the P + R transfer demand overflow, greatly expanding the carrying capacity of the car occupant
transfer facility at a low cost and improving the transfer efficiency.

However, the optimization scheme based on existing demand and facility quantity still has a few
problems. In terms of the quantity of facilities, the number of 5 with reference to the current situation is
not reasonable enough, and the satisfaction rate for overflow demand is only 65%. In terms of facility
scale, it can be seen that in the result scheme, the facilities set in station No. 2 and 10 have reached the
upper limit of the capacity of their own type. The reason for this phenomenon may be the insufficient
number of facilities. Therefore, it is necessary to analyze the influence of the quantity of facilities on
the optimization effect to be able to balance transfer supply and demand better.

4.3. The Influence of the Quantity of Facilities on the Optimization Results

Since the construction of facilities may be constrained by various conditions such as space
resources, construction costs, etc., the decision on the quantity should be carefully considered.

In order to analyze the influence of the quantity of facilities on the optimization results, this section
calculates the optimization effects under different quantities of facilities and summarizes the law
of change. The specific steps were as follows: setting the K + R facility’s quantity constraint value
to 0, adjusting the P + R facility’s quantity limit, running the model repeatedly, and recording the
result. In this research, the optimization effect values with the P + R facility’s quantity of 5 to 12 were
calculated, respectively. The results are drawn in Figure 5.

90,000
' 83272 84,140
85,000 79.597 80,836 82,257 :
80,000
1]
o 75,000 70,266
S 68,085 '
§ 70,000 68,299
62,790
265,000 50080 60,200 61,320 62,440
$ 60,000
5 55,000 49,700 50,540 52,080
50,000
45,000
40,000
4 5 6 7 8 9 10 11 12 13
Quantity of Transfer Facilities
—a— Intercepted Vehicle Mileage(vehicle-km) Transfer Utility

Figure 5. The relationship between the objective values and the quantity of facilities.

It can be seen from the figure that the two objective values are positively correlated with the
quantity of P + R facilities. As the quantity grows, the objective values of optimization model all reveal
a trend of “slow growth”—"rapid growth”—"approximative stabilization”.

4.4. Optimization Results after Adjusting the Quantity of Facilities

From the analysis in the previous section, it can be seen that under the current situation of traffic
network and transfer demand, the optimal interval for planning and constructing P + R facilities
is [8,10]. In this interval, the optimization effect’s growth rate is the fastest and has reached a high level.
Outside this optimal interval, the decrease in facility’s quantity will cause the demand to be unsatisfied,
while the marginal utility of the system will be very limited if we continue increasing the quantity.

Therefore, the new scheme set the quantity of transfer facilities to 10. At the same time, in order to
meet the car occupant transfer demand in the network to the greatest extent, the remaining candidate
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stations were all planned as stations with K + R facilities. The model converged after 40 iterations.
The results showed that both P + R and K + R demands of station No. 3 and 19 could not reach the
lower limit to construct transfer facilities, so these two stations were excluded. In the end, 18 facilities
were set up, of which 10 were P + R facilities and 8 were K + R facilities.

The optimization results are illustrated by Table 6 and Figure 6.

Table 6. Optimization results after adjusting the quantity of facilities.

B Setting Loca‘tlon P + R Demand K + R Demand Whether R'ea.ch the
Type and Level of Facility (Metro Station Met (Vehicles/day) Met (Vehicles/day) Upper Limit of
Number) y Yy Facility Capacity
1 771 161 N
4 800 178 N
6 800 398 N
P+ Rlevel 1 3 800 303 N
16 473 99 N
17 590 123 N
2 1200 546 N
14 1200 418 N
P+ Rlevel2 10 1200 482 N
15 1200 600 Y
5 87 N
K+ Rlevel 1 18 89 N
20 90 N
7 170 N
9 290 N
K + R level 2 11 167 N
13 169 N
12 300 Y
Objective function: 70,000 Intercepted vehicle mileage: 82,889 (vehicle-km)
Transfer utility: 170,003 Satisfaction rate for P + R overflow demand: 82%

Y P+R Level 1
Yo P+R Level 2
A KR Level 1
A KR Level 2
O candidate station

Figure 6. Facility layout scheme after adjusting the quantity of facilities.

Compared with the initial optimization scheme, the optimization scheme after adjusting the
quantity of facilities has obvious improvement from all three aspects (Table 7).
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Table 7. Comparison with the initial optimization scheme in Table 4.

Initial Optimization Improved Optimization .
Promotion
Scheme Scheme
Intercepted Vehicle o
Mileage (vehicle-km) 49,700 82,889 67%
Transfer Utility 68,299 170,003 148%
Satisfaction Rate for P + R 65% 8% 179%

Overflow Demand

In terms of the facilities’ structure, the improved scheme adds K + R facilities, which provide a
new travel option for stations with low car occupant transfer requirements and not enough to build
a P + R facility. K + R facilities can guide commuters to adopt this way to complete the act of car
occupant transfer.

Regarding the setting of P + R facilities, it is found that the P + R stations of the improved scheme
cover the P + R stations of the initial scheme. This shows the continuity and stability of the decision
model, that is, the model can give priority to meeting the requirements of high-demand stations.
There will be no excessive changes in the layout scheme as the quantity of facilities increases.

The difference between the improved scheme and the initial scheme is that the improved plan
upgrades the Level 1 P + R facilities No. 2 and No. 10 to Level 2 P + R facilities, which solves the
previously mentioned problem of capacity saturation. In the improved scheme, there is only one
station that reaches the upper limit of service capacity.

In terms of the overflow of P + R demand, it was found that the P + R demand of seven P + R
facilities (No. 2,4, 6, 8, 10, 14, and 15) overflowed, but the overflow demand was met in the K + R
facilities. For station No. 4, 6, and 8, although the P + R demand of each station overflowed, the K
+ R demand had not reached the max capacity of level 1 facility yet. Therefore, it is not necessary
to upgrade these stations’ transfer facilities to level 2. The scheme shows that P + R and K + R’s
collaborative layout model can indeed realize the flexible supply of parking spaces and improve the
service level of the entire car occupant transfer system. That is in line with the original intention of
this research.

5. Discussion and Future Work

Through the Chengdu case cited and analyzed in previous sections, we find that regardless of
whether the city authorities have determined the number of P + R and K + R facilities to construct in
advance, the proposed model can provide a set of reasonable and excellent layout schemes. Existing
layout decision models usually only choose whether one type of facility is constructed at some station
or not, while the scheme solved by our method can also tell the quantity of parking spaces each facility
needs to contain. The obtained solution can meet the demand for car occupant transfer as much as
possible while ensuring the utilization of parking spaces, that is, to achieve a balance between supply
and demand within the city. Of course, in this article we are not able to list the investigation and
processing process of some preliminary input data. Many parameters and standards may only be
applicable to certain cities such as Chengdu. At the same time, due to the limited amount of surveys
and calculations, we have made some assumptions from the aspects of geographic space and traveler
behavior. These assumptions do not affect the expression of our concepts and methods. During
practical applications, planners need to extensively investigate and analyze local characteristics and
make appropriate corrections to some details in the model.

There is also some room for improvement and future work on the proposed method.

1.  Regarding the capacity constraints of car occupant transfer facilities, the values in this research
refer to field survey data. Due to the limited amount of survey data, only a preliminary division
result was obtained. With the support of sufficient data, the accuracy of matching between supply
and demand can be enhanced according to the situation of different cities.
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2. Car occupant transfer is not only a parking behavior in the road transport system but is also
related to rail transit. This research only studies the car traffic before transfer, however, the impact
of the rail transit network on the supply and demand of transfer is also of high research value.

3. The assumption for travelers’ demand conversion (as assumption No. 5 in Section 3.2.1) is not
exactly in line with reality. It will be of great value to make a more detailed and systematical
research on the law of demand conversion between P + R and K + R.

6. Conclusions

In this research, we take the layout optimization decision of the car occupant transfer facilities as
the research object and establish a scientific system of multi-objective optimization model. An example
of Chengdu is also carried out as a verification analysis.

The establishment of the hierarchical structure of car occupant transfer facilities is the first
achievement of this research. These facilities can satisfy two kinds of transfers, including P + R
and K + R. They can be divided into two types and two levels according to their service categories
and capacities.

Secondly, a multi-objective optimization model for P + R and K + R facilities” collaborative layout
decision is established. The model aims to maximize the interception of vehicle mileage and the
transfer utility, takes into account the construction thresholds and service capabilities of different
types and levels of transfer facilities, implements collaborative planning of P + R and K + R facilities,
and gives a layout scheme. The proposed method can alleviate the problem of demand conversion
when transfer demand overflows. Under the constraints of the quantity and scale of construction,
the proposed method strives to balance the supply and demand of car occupant transfer demand at
rail transit stations.

By selecting Chengdu as one case, the proposed method reveals its excellent effect. The result
shows that if the facilities were replanned with the same quantity as the present situation, the layout
scheme obtained by the proposed model is significantly better than the existing scheme. If the quantity
of facilities to plan is appropriately increased to 10 P + R facilities and 8 K + R facilities, the site selection
plan given by the model can significantly improve the overall service level of these car occupant
transfer facilities while ensuring the occupancy rate of parking spaces.

In the future, by investigating the actual situation in more cities, more appropriate facility
classification standards can be formulated. It is also possible to join the research on the supply and
demand of rail transit and the demand conversion of travelers, so that the car occupant transfer
facilities can integrate into the multi-modal transportation network more realistically and improve the
efficiency of the entire transportation system.
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