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Abstract

This study presents models for trip generation and distribution of car-sharing services based on So-car's operation
history data, GIS building integrated information, and public transportation information for 5 days during weekdays in Seoul
metropolitan areas. Based on the trip generation model, the numbers of workers and students, total areas of commerce,
business, education, and cultural facilities, as well as the density of subway stations showed positive (+) correlations, but
the density of bus stops showed a negative (-) correlation. It was confirmed that the use rate of car sharing increased as
accessibility to public transportation was lower in the case of outer areas of the city without subway stations. The adjusted
R? of the trip generation model for car-sharing was calculated as 0.587—0.637, thus confirming that the explanatory power
of the model is high. By constructing the trip distribution model for car sharing by time zone based on the existing gravity
model, the explanatory power of the model (adjusted R?) was calculated to be as high as 0.869-0.966, and the modified
trip distribution model for car sharing reflected the generalization costs of taxi and public transportation. It was confirmed
that as the generalization costs of taxis and public transportation increased, the utilization rate of car sharing increased.
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| . Introduction

Since the global economic crisis in 2008, the social and eco-
nomic paradigm centered on mass production and con-
sumption has shifted to a shared economy paradigm that
seeks to maximize and streamline resource utilization. This
paradigm shift is also active in urban transportation sectors,
and, in particular, shared transport systems in the form of
car-sharing, shared bicycles, personal mobility, and shared
parking are spreading around the world along with the trend

of environmentally friendly and sustainable development.
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Among these, car-sharing is the most representative form of
shared transport systems, and its growth is evident both at
home and abroad. In line with this trend, car-sharing ser-
vices, such as Socar and Green Car, are operated mainly by
private companies and local governments in Korea. Accord-
ing to the Open Government Data Portal, the number of
vehicle units operated by car-sharing services in Seoul has
doubled from 2,913 in 2015 to 6,814 in 2020, and the number
of memberships of the services has grown exponentially by
more than 3.5 times from about 900,000 in 2015 to 3.47 mil-

lion as of 2019, making great strides. Some domestic and
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international studies have tried to figure out the expected
outcomes of the growing car-sharing market, and the
results indicate that passenger car traffic would decrease but
demand for public transportation would rise with the grow-
ing usage of car-sharing services. Seoul city estimated that
one car-sharing unit can replace 8.5 ordinary vehicle units,
and that approximately 15,300 units of passenger cars can be
reduced or forced to be reduced due to the car-sharing ser-
vices.

The city also expected that this trend would make a posi-
tive impact in social, economic and environment sectors by
saving more than KRW 28.9 billion of household expenses
per year and reducing automobile greenhouse gas emissions
by about 486 tons per year (The Seoul Institute, 2015).
Despite the continued growth and positive potential of the
car-sharing market, research on car-sharing in Korea has
only been done focusing on rental stations and their neigh-
borhood environment, with only limited research having
been conducted on the travel behavior of the users. How-
ever, many overseas studies have been conducted thus far,
centering on user surveys, car-sharing traffic history data
analysis, and more.

The purpose of this study was to examine the preceding
domestic and overseas studies, perform an empirical analy-
sis based on the traffic history of car-sharing services, and to
develop a car-sharing trip generation and trip distribution mod-
els that can be used by urban transportation designers/policy

makers and car-sharing services operators going forward.

I1. Review of Existing Literature and
Preceding Studies

1. Car sharing services

1) Domestic studies

Shin and Bae (2012) derived the relation between total
by-mode trip volume, ratio of by-purpose trips, ratio of
car-sharing usage, frequency of use and car-sharing use
demand for by-purpose trips & rental station site selection
through regression analysis and stated preference analysis.
Their study evaluated candidate sites for rental stations based
on population density and accessibility and calculated the
number of vehicles and parking spaces required for the

demand at each candidate site. Do and Noh (2013) investigated
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the site allocation of the car-sharing rental stations to mini-
mize the travel distances (cost). Based on population den-
sity, traffic volume, land value, the distance to the subway,
railway and bus terminals, they derived a car-sharing site
suitability index, and then suggested 30 car-sharing rental
station sites with minimum travel costs utilizing the site
allocation model. Choi and Park (2014) used the car-sharing
usage data and GIS to establish the urban, regional, and
socio-economic variables database related to the rental sta-
tions’ site characteristics, and derived latent variables
through principal component analysis (PCA). They also
analyzed the meaning of the influence variables on the
characteristics of car-sharing usage through multiple
regression analysis using factor scores. The results show that
the level of usage of the car-sharing services was higher in
the central business districts, station influence areas, and
regions adjacent to universities, and in areas with better
accessibility to public transport services, the frequency of
car-sharing usage was found to increase. Park and Park
(2015) conducted surveys on Green car and Socar users to
analyze the relation between car-sharing and demand for
taxis and found that the taxi users were mostly traveling
short distances (40km or shorter) while car-sharing users
travel longer distances (40km or longer), indicating that the
two modes of trips only had a limited influence on each
another. Kim and Lee (2016) used the rental history data and
public transportation GIS DB for Green car operated by
Suwon city to build and interpret the model of demand for
the car-sharing rental stations based on the accessibility to
public transportation. They found that the accessibility to
public transportation of the rental stations was a significant
variable in the use of car-sharing services, and that the easier
it is to access to public transportation, the higher the
demand for car-sharing can be achieved. Seo and Sheok
(2017) conducted an analysis on the environmental factors
that affect the use of car-sharing based on the history data of
the current shared car rental stations, public transportation
and land use, and found that it is necessary to consider loca-
tions where public transportation is actively used and the
ratio of residential buildings is high when selecting a

car-sharing rental station.

2) Overseas studies

TRB (2005) suggested public transportation accessibility,
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favorable pedestrian environment, lower-than-average
vehicle ownership, higher-than-average density and land
use mix as the required conditions for car-sharing rental sta-
tion sites. Cervero (2009) concluded that Transit Oriented
Development (TOD) plays a key role in the use of car-shar-
ing services and that car-sharing services and public trans-
portation are complementary modes of travel. Celsor and
Millard-Ball (2007) found that the local and traffic environ-
ment characteristics have a more significant impact on the
use of car-sharing than personal characteristics. Based on
the logistic regression analysis and duration model tech-
nique, Khan and Machemehl (2017) analyzed the land use
variables that affect the demand for car-sharing, and found
that car ownership, adult population, household size, and
high household income are significant variables for using
car-sharing services and that policies regarding car-sharing
services and the number of stops for public transportation
services also are major variables affecting the demand for
car-sharing services. In a survey of 16 people at Bath, UK,
Chatterjee (2013) analyzed the car-sharing use characteris-
tics by car ownership and found that users can have more
options in terms of cost and convenience by opting for
car-sharing services over private vehicles, concluding that
car-sharing services should be included in the urban trans-
port model. Clewlow (2016) found that, based on the house-
hold travel survey in California, U.S., the number of vehicles
owned by car-sharing users in densely populated urban
areas was (.58 units, while that of car-sharing users in subur-
ban areas was (.96 units, and that the number of trips by
users in urban areas was higher than that of the surburban
areas. Transportation Research and Education Center at
Portland State University (2017) surveyed car-sharing users
in Portland, Oregon (regardless of car ownership) and found
that they were sensitive to accessibility to destinations and
traveling hours. The study concluded that by using
car-sharing services, walking, cycling, and the use of public
transport increased while the use of private vehicles was
reduced. Leclerc et al. (2013) analyzed the characteristics of
three components—stop locations, trip properties, and trip
chain— which consist of a trip of the members of sta-
tion-based car-sharing services. They found that drivers of
shared cars traveled longer within the trip chain than those
driving their own cars, and these trips were relatively shorter

and made often for non-business purposes (shopping

or visiting, etc.). Car-sharing users were also likely to maxi-
mize the use of their vehicles during the period of their ser-
vice, with 30% and 50% more trips being made during long
distance travel and short distance travel, respectively. Sioui
et al. (2013) found that the users’ mode of choice depended
on whether a household owned a vehicle, since the service
use frequency increased greatly for households without a
car, while the households owning a car showed no signifi-
cant changes in their mode of choice attributable to the

availability of car-sharing services.

2. Trip generation and trip distribtiom model

1) Domestic studies

With regards to trip generation models, the 2019 Korea
Transport Database (MOLIT, KOTI, 2020) for Seoul Metro-
politan Area (SMA), which is currently in use to estimate
travel demand in Korea, conducted a regression analysis
using the number of population, workers, students, and
employees as dependent variables when predicting trip gen-
eration and arrival volume in each zone. Song et al. (2011)
established a trip generation model using GIS-based land use
variables in addition to a socio-economic index to improve
the existing model. Jeon et al. (2017) used infoutbound
accessibility—an inverse of the average travel time from an
origin to each destination—as trip generation/attraction
variables, suggesting that the trip generation model taking
into account the accessibility factor was superior to the exist-
ing model. In many other domestic literature, the popula-
tion, land use, transport accessibility, infrastructure density,
and industrial and economic variables were used as variables
in trip generation models.

Regarding a trip distribution model, a modified mixed
gravity model was used in O/D construction for 2019 KTDB
for SMA (MOLIT, KOTI, 2020). The parameters by purpose
and distance were estimated using the average distances
from public roads to public transportation as friction factors
in the gravity model. Kim (2006) introduced a neural net-
work model to draw up a modified gravity model which
added the relative attractiveness variables between regions.
As for the attractiveness variables, the relative size of
employee group, the relative scale of aging, jobs-to-housing
ratio, etc., were considered on the origin side, while the rela-

tive size of workers and jobs-to-housing ratio characteristics
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were taken into account at the destination side. Jeon and
Rho (2015) derived a gravity model that employed new cor-
rection coefficients such as housing density, expressways and
subway accessibility, given that the existing gravity model
was not able to fully explain the relations between zones.
Choi and Rho (2015) also defined a new gravity model with
accessibility as a new variable, which was defined as the
weighted mean value for the relative distance between
zones and population size so that the trip characteristics
between zones could be properly reflected. Jang, J.Y. (2019)
used the space syntax technique to calculate the integration
level of road links and defined a new friction factor in which
the integration level serves as a variable. Jeon et al. (2017)
further applied the infoutbound accessibility variable in the
deterrence function of their gravity model, which can be

presented as follows:

T,=AOBD, -exp(aa,+Bb, +yc;) (1)
T,  Trips between zone i and zone j
O, : Total production trips of zone i
D, Total attraction trips of zone j
g, : Outbound accessibility of zone i (@, =Y T}, / 3 C,T,)
' j
b; : Outbound accessibility of zone j J
c

i * Travel cost (travel distance) between zone 1 and zone j
A4 = l
ZBj - D, - explaa,+pb; +yc;)
J

1
B.=
7 24,0, -explaa, +Bb,+7c,)

2) Overseas studies

With regards to trip generation models, TRB (2007) calcu-
lated the purpose-specific trip generation volumes for each
traffic zone based on population, number of households,
number of workers, vehicle ownership, and household
income as independant variables for traffic volume estima-
tion. The Wisconsin DOT (2020) estimated the induced traf-
fic and through traffic in the trip generation model. The
induced traffic volume is estimated based on the trip gener-
ation rate through the traffic volume survey on major
development areas, and land use (residence, business, hotel,
and commercial facilities, etc.) is taken into account for new
traffic-inducing areas.

In terms of traffic distribution models, FHWA (1997)

employs a double-controlled gravity model to predict trip
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distribution; in arcas with a well-organized public transpor-
tation system, a public transportation integrated network
based generalization cost is used as a friction factor, while in
areas with insufficient transport infrastructure, the shortest
travel time between zones in a public road network is used.
According to U.S. Department of Transportation(2011), the
Florida DOT uses the actual generalized cost as a friction
factor, considering travel time, extra time for public trans-
port (time spent in terminals, etc), and toll charges (from
toll roads and public transport charges)‘ Mexico IMIP (Insti-
tuto municipal de investigaci 6 n y planeacion) (1999)
derived the inter-zone travel times of three modes of trans-
port (passenger car, bus and wa.lking) for non home-based
(NHB) trips, and used the inter-zone travel times calculated

with the mode choice ratio by zone as a friction factor.

M
CTT,, =217, -5, @)

- weighted-average travel time between zone i
and zone j by purpose p

CTT,

Jp

. travel time of mode m between zone i1 and
zone j by purpose p

S - mode share of mode m between zone i and

zone j by purpose p

According to the New Zealand Transport Agency(2012),
the New Zealand Ministry of Transport does not consider
the friction factor for public transportation, but it does
employ a gravity model that uses public road-based general-
ized costs such as fuel costs, time value costs, and parking

fees, as friction factors.

3. Implications

The literature review shows that studies involving
car-sharing have centered on the local characteristics of the
rental stations and its site selection strategies. These studies
divided the characteristic variables of the use of car-sharing
into land use factors and traffic factors, and suggest that the
land use factors affect the travel pattern (trip purpose) or
demand, while the traffic factors have an influence on the
accessibility of car-sharing services. However, the preceding
studies were not based on an analysis of the trip characteris-
tics of actual car-sharing service users, but on the neighbor-

hood characteristics of the existing rental stations of the
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car-sharing service. In addition, as many of the research was
based on surveys rather than on actual traffic history data of
car-sharing service users, there is a limitation in that the
actual trip characteristics of the users were not properly
reflected.

As for the trip generation models, domestic KTDB calcu-
lates trip generation based on population, number of work-
ers, students and employees. In line with that, some studies
have been conducted with an aim of improving the accu-
racy of their models by establishing trip generation models
applying land use factors. In an effort to offset some of the
limitations of the existing gravity model, a modified gravity
model was presented in which new variables, such as attrac-
tiveness and accessibility, were introduced so that the
trip-interchange characteristics between origins and desti-
nations can be reflected. In addition, studies on a new grav-
ity model are underway that reflect the public transport
characteristics between zone pairs and the actual cost (gen-
eralized cost), rather than the conventional gravity model
that utilizes the public road passage costs as a friction factor.

Today, demand for car-sharing is dramatically rising
thanks to the increase in rental stations and the introduc-
tion of various price discount schemes and services, along
with the growing trend of new forms of shared transport
and public transport services such as shared bicycles, per-
sonal mobility, and demand responsive transport (DRT),
etc. However, studies based on actual trip history data of
shared transportation services and O/D land use and traffic
characteristics are still insufficient. This study aims to ana-
lyze what impact would be made on the trip characteristics
of car-sharing services by the O/D land use on the car-shar-
ing service users’ side, traffic characteristics, and the environ-
mental factors between trip zone pairs. To this end, this
study first tried to build a car-sharing trip generation model
and gravity model-based trip distribution mode by taking
into account actual car-sharing traffic history data in SMA,
land use, socio-economic index, and distribution of public
transportation facilities. Furthermore, this study develops a
model of trip distribution that reflects not only the environ-
mental factors around the rental stations, but also the traffic
characteristics between its O/D pairs. Ultimately, based on
the results, this study aims to contribute to enhancing
shared transportation services including personal mobility,
shared bicycles and DRT.

lll. Building Car-sharing Trip Generation
and Distribution Models

1. Methodology

The study was conducted in accordance with the following
procedure to develop models of trip generation and distribu-
tion based on the analysis of trip characteristics of car-sharing
users. Lirst, the study analyzed the factors inducing demand
for car-sharing trips based on 2018 car-sharing traffic history
data in SMA, socio-economic index, and land use data.
Among these, highly relevant variables were selected and
applied in multiple regression analyses to build a trip genera-
tion model. Second, based on the history of car-sharing traf-
fic, a car-sharing trip distribution model was established based
on a gravity model commonly used in domestic studies, and
another trip distribution model for O/D of other means of
transport (passenger car, taxi, public transport) was built
based on the 2019 SMA KTDB data (MOLIT, KOTI, 2020).
Using these two models, the characteristics of different
modes of transport were compared. Finally, to compensate
for the limitations that the conventional trip distribution
model cannot properly reflect the unique traffic characteris-
tics of each zone pair, a modified car-sharing trip distribution
model was established in consideration of the accessibility of
transportation means (generalized cost of taxis and public
transportarion) between each zone pair and its adequacy was
verified.

For this purpose, the traffic history data of Socar vehicles
that drove in SMA for 5 weekdays from March 25 to March
29, 2018 were used. Socar and Green Car are both car-shar-
ing services operating in SMA,, but only Socar's history data
was used in this study. Green car vehicles are equipped with
a ‘stop-and-go’ function, which collects all stop histories,
including simple stops caused by traffic signals. This function
makes it difficult to collect pure travel histories, so the
Green car units were excluded from this study. It was built
the traffic history data of Socar vehicle in form of GIS and it
is shown in Figure 1. As an independent variable of the
car—sharing trip generation model, socioeconomic indica-
tors, such as the population, number of workers, number of
students, and number of employees per administrative dis-
trict (Dong) in SMA, 2018 were used, and land use indica-

tors, such as the total floor area of buildings by use in 2018
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Origins Destinations

Figure 1. So-car's O/D distribution for 5 weekdays

provided by the GIS integrated building information in the
Korea National Spatial Infrastructure Portal were used. To
reflect the traffic characteristics of the origins and destina-
tions, the density of bus stops and subway stations for each
zone were also taken into account. The car-sharing trip dis-
tribution model was built on the history data presented ear-
lier, and, on the basis of the 2019 SMA KTDB data (MOLIT,
KOTT, 2020 ,') the trip distribution model of other vehicles
(passenger cars, taxis, public transportation (’)/D) was estab-
lished and compared to the the car-sharing trip distribution
suggested by this study. The origin-destination data subject
to analysis was composed of a traffic zone system in 1,308
administrative districts (Dongs) provided by the 2019 SMA
KTDB data (M(')LIT, KOTI, 2020), and the traffic network
also utilized public road and public transport (bus, subway,
bus+subway) data from the same source.

Finally, the generalized costs of taxis and other means of
public transport were calculated using the 2019 SMA KTDB
data (MOLIT, KOTI, 2020) and a modified car-sharing trip
distribution model was established. Since the gravity model
tends to overestimate the amount of traffic inside a zone,
and it is practically impossible to accurately calculate the
travel time and cost of each means of transport within a
zone from the 2019 SMA KTDB data (MOLIT, KOTI, 2020),
this study only utilized the data of 24,539 trips excluding

those of 3km or shorter.”

2. Trip generation model

1) Variable selection

The preceding studies used the population, land use,
transportation, infrastructure, and industrial and economic
variables as the independent variables of the trip generation
model. Based on these studies, this study selected the vari-
ables for its trip generation model like Table 1. The popula-
tion, land use, and public transportation facilities data pro-
vided by each administrative district within SMA were set as
independent variables for the car-sharing trip generation

model, and multiple regression analyses were conducted.

2) Car-sharing trip generation model

In order to analyze the characteristics of each time zone,
the car-sharing trip generation model was separately con-
structed for all-day (0:00~24:00), the morning peak
(07:00~09:00), and the afternoon peak (17:00~19:00). Table 2

shows the analysis result in the correlation between trip

Table 1. Variables of trip generation models of So-car

Variables Description
Dependent So car's traffic volume from origin
variable So car’s traffic volume to destination
Population (20-65years)
Socio- No. Workers
demography  No. Students (= University)
No. Employees
Residence
Independent c
. ommerce
variable Floor area
Land use (1,000m?) Business
Education
Culture
Public No. Bus stops/1,000m?
transport No. Subway stations/1,000m?

Table 2. Pearson correlation between variables and ridership of So-car

No. No. No

Variables  Population Students Workers Employees

Pearson

’ Residence Commerce Business Education Culture

No.Bus No.
stops Station

V07 1700 606 126% 038R B3gRRk ED4ReR Rk ABTR (pgRek D37k
o, correlation
p-value 000 000 000 .000 .000 000 .000 000 .000 .000 .000
Pearson  jaguee  qygme 705ee (igee (03QR G3TRE GaQNR Q]0RE 44T QBQRE )3k
D, correlation
p-value 000 000 000 000 000 000 000 000 000 .000 .000

* p-value <0.10, **: p-value < 0.05, **: p-value <0.01
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attraction volume and variables, it was found that all vari-
ables had a significant correlation with the trip attraction
volume with a p-value of around 0.01. In particular, the
Pearson correlation coefficient for the number of workers
and commercial and business areas was 0.06 or higher.

In addition, only variables with a p-value of less than 0.10
were selected for multiple regression analysis, and the
Adjust-Rof the trip generation model was estimated to be
from 0.587 to 0.637. The existence of multicollinearity
among the independent variables was checked by investigat-
ing the variance inflation factor (VIF), and the VIF was
found to be from 1.0666 to 2.254, indicating no multicol-
linearity existing. The trip generation model established in

this study is as follows:

O,,D,=a + B(Worker, ;) +y(Student, ;) (3)
+8(Residential Area, )+e(Commercial Area, j)
+( (Office Area, ;)+n(Educational Area, )
+0(Cutural Area, ;)+1(Bus Stop Density, ,)
+K(Station Density, ;)

Q.. D,= Car-sharing service in/outbound traffic volume
inzonel
Worker,;= Number of workers in zone j (aged between 20
and 65), 1,000 persons
Student,;= Number of students in zone ]
Residential Area,;= Gross floor area of residential facili-
ties in zone 1 (1,000 mz)
Commercial Area;;= Gross floor area of commercial
facilities in zone j (1,000 mz)
Office Area,;= Gross floor area of business facilities in
zonej (1,000 m®)
Educational Area;;= Gross floor area of educational facil-
itiesin zone j (1,000 mz)
Cutural Area,;= Gross floor area of cultural and assembly
facilities in zone j (1,000 m”)
Bus Stop Density,;= Density of bus stops in zone j (unit/
1,000 m®)
Station Density,=Density of subway stations in zone
(unit/1,000 m®)

Table 3 is the trip generation model of So car for all day
(0:00~24:00). A positive (+) correlation was observed with
the variables such as the number of workers, students, gross

floor areas of commercial, business, educational, cultural

Table 3. Trip generation model of So-car (Day: 0~24)

Variables B T p-value VIF Adj.R’
Constant 21747 -2184 029 -
No. Workers 1827* 7479 000 1.109
No. Students 802> 3688 .000 1.038
Residence - - - -
T Commercial .074**  11.140 .000 2012
o, 8 0.564
o Office .030™* 6242 .000 1972
8 Educaton 058 6438 000 1274
Culture 070%** 2885 004 1.756
Bus density -46.338* -1.934 053 1.279
Subway density 9593.108"** 10.141 .000 1.318
Constant 494* B37 691 -
No. Workers .093* 4262 .000 1.059
No. Students - - - -
Residence - - - -
T Commercial .076™* 12290 .000 2195
D, § . 0.637
o Office .053** 16109 .000 1513
8 Education Q77%* 8996 .000 1.282
Culture - - - -
Bus density -76.5699** -3.348 001 1.526

Subway density 8245.465"* 9.877 .000

* p-value <0.10, ** p-value < 0.05, **: p-value < 0.01

1.303

facilities, and subway station density, but it was found to be
in negative (-) correlation with bus station density. As for
the bus stops density and subway station density coefficients,
these are not likely to have a significant impact in areas
where bus stops and subway stations are similarly distrib-
uted, but in peripheral areas without subway stations, the
use of car-sharing was found to increase when the bus stop
density is low.

Table 4is the trip generation model of So car for the morn-
ing peak (07:00~09:00). Unlike othe time zones, the gross
floor area of residential facilities was selected as the indepen-
dent variable of the trip outbound model, but that of business
facilities was not selected. From this, it can be understood that
car-sharing services are relatively active in residential areas
(household-based) in the morning as compared to other
time zones. The public transport variables tend to show simi-
lar trends as the model for all-day trip generation in general,
but the coefficient of bus stop density was relatively higher,
indicating that the inverse relation between bus stop density
and car-sharing use in the morning becomes stronger. It is

thought that car-sharing services are more actively used in
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Table 4. Trip generation model of So-car (AM: 07~09)

Table 5. Trip generation model of So-car (PM: 17~19)

Variables B t p-value VIF Adj.R’ Variables B t p-value VIF Adj.R?
Constant 1.284 584 559 - Constant 1.723%* 1352 177 -
No. Workers J06™ 3115 .002 1.071 No. Workers 043%* 1592 112 .000
No. Students - - - - No. Students - - - -
Residence 013 3183 .002 1.730 Residence - - - -
T Commercial  .132%*  11.873 .000 1.969 T Commercial .092** 13112 .000 1.958
o, § - 0.592 o, § , 0.613
o Office - - - - o Office 044** 9769 000 1.839
Q Education 076* 5096 .000 1.180 @ Education Q747> 7228 .000 1.209
Culture 32%* 4373 000 1.359 Culture 046™* 1903 057 1.640
Bus density -194.4777* -4149 000 1.381 Bus density -81.380** -3.323 .001 1.360
Subway density 5625.185™** 3981 .000 1.228 Subway density 8589.280** 8687 .000 1.379
Constant 2779 1298 195 - Constant 2.762%* 1931 .054 -
No. Workers .049* 1.497 .093 1.034 No. Workers Q737 2566 .010 1.044
No. Students 5256* 1.720 .086 1.006 No. Students - - - -
Residence .005* 1675 .095 1.608 Residence - - - -
T Commercial .094** 9435 000 2254 T Commercial .0827*  11.690 .000 1.668
D, § — 0598 D, § — 0.587
o Office 033"* 4326 .000 1.983 o Office 057%* 13267 .000 1.439
8 Education 084 6369 000 1.238 8 Education .092¥* 8703 .000 1.158
Culture 027 3260 .001 1.661 Culture - - - -
Bus density -142.092%* -3868 .000 1.354 Bus density -61.381* -2273 .023 1.297
Subway density 8036.882%* 6007 .000 1.354 Subway density 5848.473* 5702 .000 1.260

* p-value<0.10, **: p-value < 0.05, **: p-value < 0.01

the morning peak because the users are more pressed for
time in the morning compared to other time zones.

Table Sis the trip generation model of So car for the after-
noon peak(l7:0()~ 19:00). In the case, the trend was similar to
the all day model, and this was related to the car-sharing
service utilization rate by time zone. The analysis on the dis-
tribution of car-sharing service utilization by time zone
showed that the utilization rate was relatively higher in the
afternoon than in the morning. In addition, the car-sharing
usage rates after 13:00 was observed to be around 6-7% of the
daily capacity. The coefficients of commercial, educational,
and business facilities were higher than the residential facili-
ties, indicating that the trip purpose of the car-sharing users
was not home-based, but for other purposes such as busi-

ness or shopping.

3. Trip distribution model

1) Car-sharing trip distribution model based on the
existing methodology

The trip distribution models include the growth factor
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* p-value <0.10, ** p-value < 0.05, **: p-value<0.01

model (applying future growth factor to the trip distribu-
tion of the baseline year), uniform growth factor model,
average factor model, Fratar model and gravity model (con-
sidering the volume of the trip generation and trip impen-
dence between origins-destinations). Among those, the
gravity model is the most commonly used trip distribution
model. The deterrence function of the gravity model has
three types: negative exponential function, inverse power
function, and modified mixed type. Each coefficient of deter-
rence function (8, 7) represents the influence of the friction
factor; the coefficient tends to be derived relatively small for
essential trips and relatively large for non-essential trips.
Since the modified mixed type deterrence function is
known to reflect the observed traffic pattern well in Korea, it
is utilized to construct the SMA O/D database estimated by
KTDB. This study used the modified mixed type gravity
mode] used in the national transportation DB project as its
trip distribution model for car-sharing. The trip deterrence
function takes a form of a non-linear function whose param-
eters are difficult to calibrate, so it has been adjusted to facili-

tate parameter calibration by transforming both sides loga-
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rithmically and converting it to a linear model to calibrate :
S(e))=ale] )exp(ye,) @)

f(c;): Deterrence function between zone i and zone j
Cy . Travel distance between zone i and zone j
a, B,y : Coefficient

The car-sharing trip distribution model was separately
constructed for all-day (0:00-24:00), the morning peak
(07:00~09:00), and the afternoon peak (17:00- 19:00), and the
resultis shown in Table 6. The results from the trip distribu-
tion modeling by time zone show that the explanatory
power by the friction factor (Adjust-R®) was as high as 0.869
t0 0.966. By time zone, the gradient of the morning peak dis-
tribution was gentler than that of the afternoon peak, with
the slope of the all-day (0:00-24:00) being at the steepest. This
seems to be attributable to a higher ratio of essential trips for
business purpose (40km or longer) in the morning peak, and
relatively higher ratio of non-business-related trips (less than
40km) such as leisure, social, and shopping purposes in the
afternoon peak. Another reason that the slope of the all-day
modeling (0:00-24:00) is at the steepest is that more people
use Socar in off-peak hours than in the morning/afternoon
peak times. As shown in Figure 2, this seems to be due to the
fact that non-business trips (79%) and short-distance trips,
which account for most Socar traffic, are concentrated on

the off-peak hours.
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Figure 2. Hourly Traffic volume ratios of So-car

A trip distribution model was established based on the
traffic volume data of passenger cars, taxis, and public trans-
portation provided by the 2019 SMA KTDB data (M(‘)LIT,
KOTI, 2020) and such model was used in analyzing and
comparing the trip distribution characteristics of car-shar-
ing services. Figure 3 is the trip generation models of all
modes and they show that the trip distribution ratio of
car-sharing was higher than that of other means of trans-
port in trips with less than 15km of travel distance. This is
thought to be related to the trip characteristics of car-shar-
ing service since the car-sharing services are used often for
simple movement, leisure purpose trips, short-distance trips
(to areas with limited availability of public transportation
such as Hangang river park, etc.), and sporadic and continu-
ous short-distance trips. On the other hand, the usage of
car-sharing was relatively lower for travel distance of 20km
or longer, which is attributed to the higher service rate of

car-sharing in SMA than other means of transport.

Table 6. Result of calibration for trip distribution model of So-car (Existing gravity model)

Day (0~24) AM_peak (07~09) PM_peak (17~19)
Parameters
Coefficient t-value Adjusted R> Coefficient t-value Adjusted R> Coefficient t-value Adjusted R
a 0.050"*  -13.963 0.102%* -8.421 0.069%*  -12.631
So-car B 0137 1.584 0.966 -0.469**  -4.026 0.869 -0.100%*  -1.120 0.951
y  -0.066™  -27.098 -0.029%**  -7.436 -0.0563*  -18.770
a 0.009%* -7.729 0.017%* -7.021 0.018** -6.961
Auto p 0.666™** 3.100 0.783 0.252* 1.235 0.763 0.299** 1.467 0.768
y  -0.058*  -14131 -0.0477*  -11.819 -0.048*  -12.117
a 0.07%* -8.275 0.020"*  -6.549 0.009***  -7.734
Taxi g 0.634*** 3.241 0.794 0.235* 1011 0.729 0.673** 3.153 0.782
y  -0.0557*  -14.530 -0.044%*  -10.782 -0.058%*  -13972
a 0.002%* 9147 0.006***  -8.501 0.003***  -8977
Transit g 1.346%* 5776 0.786 0.863*** 4.027 0.775 1.168*** 5107 0.770
y  -0.073"*  -16.381 -0.060%**  -14.502 -0.0687* 15172

* p-value <0.10, **: p-value < 0.05, **: p-value < 0.01
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Figure 3. Trip distribution of So-car by existing gravity model

2) Modified car-sharing trip distribution model

In this study, a modified trip distribution model for
car-sharing was established by considering the inter-zone
traffic accessibility of taxis and public transportation, which
was found to affect the trips of shared cars in the existing
literature. To this end, this study suggests a modified
car-sharing model by referring to the gravity model appli-
cation methodology in which the generalized costs for each
means of transportation used by the FHA in the U.S. was

reflected:

Sey)= a(cif Jexp(yc;)exp(dcost,,, ) exp(ecost ;) (5)

f(¢;): Deterrence function between zone i and zone j

C; : Travel distance between zone 1and zone

cost,,,; - Generalized cost of taxis (unit: KRW 1,000)

Cost,r . Generalized cost of public transport (unit: KRW
1,000)

a}ﬂa)’ysye . FaCtOrS

B, ywere derived from the existing trip distribution model
presented earlier. As for the generalized cost of taxis and
public transportation, the travel fares of taxis assigned and
each means of public transportation by travel time and dis-

tance were applied based on the 2018 O/D and network data
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provided by the 2019 SMA KTDB data (MOLIT, KOTI, 2020).
It should be noted that regarding public transport, the min-
imum value among ‘bus trips’, ‘subway trips’, and ‘bus+subway
trips’ was applied as the generalized cost of public transport.
For the travel value in generalized cost application, the
travel time value, which is a weighted mean of the ratio of
by-purpose trips (suggested by MOLIT, KOTT, 2014) and the
travel time value of passenger cars by trip purpose (MOIIT,
KOTI, 2020), was calculated for use like Table 7.

Table 7. Value of time for user of So-car

Business trip Other trip Applied VOT for
Value of time Rate Valueoftime Rate  SO-caruser
28,140KRW  21% 12,044KRW  79% 15,424KRW

Table 8. Result of calibration for trip distribution model of
So-car (Modified Gravity Model)

Classification Day (0~24) %‘fgg)k 'z.n'f leg)k

a 0.000023 0.000858  0.000145
B 0.137 -0.469 -0.7100
y -0.066 -0.029 -0.053

J (taxi, 1,000 KRW) ~ 0.350%*  0.401%*  (0.373**
€ (transit, 1,000 KRW) ~ 0.003**  0.014** 0.004*
Adjusted R? 0.809 0.951 0.849

* p-value <0.10, **: p-value < 0.05, **: p-value<0.01
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Table 8 shows the result of calibration for trip distribution
of So-car. The factors of the modified car-sharing trip distri-
bution were all statistically significant (p—value<0.10). The
VII's of all-day (0:00-24:00), morning peak (07:00-09:00) and
afternoon peak (17:00-19:00) were 4.432, 5.216, and 4.199,
respectively, confirming no existing multicollinearity. All
adjust-R’ were calculated at 0.80 or higher, indicating that
the model has excellent explanatory power and is well fit.

As for the relationship between the distribution of
car-sharing trips and taxi and public transportation by time
zone, the sign of the coefficient for taxi and public transpor-
tation’s generalized costs was estimated to be positive (+),
showing that the use of car-sharing services and generalized
costs of taxis and public transportation has a positive cor-
relation. To be more specific, it was found that as the gener-
alized cost of taxis and public transportation between origins
and destinations increases, the use of car-sharing will also
increase, among which the generalized cost of taxis has a
greater impact on the use of car-sharing services than that

of public transportation.

3) Verification of modified car-sharing trip distribution

model

To verify the modified car-sharing trip distribution model
reflecting generalized costs of taxis and public transporta-
tion, RMSE (root mean square error), % RMSE, Theil's
inequality coefficient, weighted mean error rate, total error,
etc. were utilized and the result is shown in Table 9.

The results show that the weighted mean error rate,
RMSE, and total error of the modified model were lower
than the that of the existing model. Regarding the weighted
mean error rate, the error of the existing model was 14.8%,
while that of the modified model was 10.5%. In more detail,
the weighted mean error rate of the morning peak by the

existing model was 24.1%, while that of the modified model

was 21.9%. As for the afternoon peak, the weighted mean
error rate by the existing model was 12.9%, and that of the
modified model was 9.3%. As shown in Figure 4, 5 and 6, in
all time zones the modified model suggested by this study,
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Figure 4. Result of validation for trip distribution model of
So-car (Day, 0~24)
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Figure 5. Result of validation for trip distribution model of
So-car (AM, 07~09)
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Figure 6. Result of validation for trip distribution model of
So-car (PM, 07~09)

Table 9. Result of validation for trip distribution model of So-car

Day (0~24) AM_peak (07~09) PM_peak (17~19)

Classification _ . =" . _ =
Existing Modified Existing Modified Existing Modified

RMSE 21.284 11.065 1.614 1.159 2.545 2271
%RMSE 9.454 4915 14110 10.130 6.080 5425
Theil's 0.081 0.041 0.128 0.095 0.057 0.051
Total error 3,624 2,567 232 210 514 368
Weighted ave. error 14.8% 10.5% 24.1% 21.9% 12.9% 9.3%
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which considered the generalized costs of taxis and public
transportation, was found to be improved as compared to

the conventional model.

IV. Conclusion and Tasks Ahead

1. Conclusion

With the growing use of new shared and public transport
services such as personal mobility, shared bicycles, and DRT
as well as car-sharing, the analysis on trip patterns of users is
crucial in future service supply and operation. Thus far,
domestic studies were mostly on the surrounding environ-
ment or relocation of car-sharing rental stations, with only
limited research focusing on the actual traffic behavior of
the users and the O/D trip characteristics. The purpose of
this study was to perform an empirical analysis based on the
driving histories of shared car trips, to build trip generation
and distribution models for car-sharing.

For this purpose, this study established trip generation and
distribution models of the car-sharing system using the
method currently applied in Korea based on 5 weekdays of
driving history data of Socar vehicles in SMA, integrated GIS
building information, and public transportation facility
information. In addition, a traffic distribution model for each
means of transport was established based on the O/D of pas-
senger cars, taxis, and public transportation provided by the
2019 SMA KTDB data (MOLIT, KOTT, 2020), and such model
was comparatively analyzed with the trip distribution model
for car-sharing suggested by this study. Iinally, in order to
reflect the unique characteristics of each origin-destination
pair, a modified trip distribution model for car-sharing was
built and verified, employing the generalized cost of taxis
and public transportation as independent variables.

The trip generation modeling of Socar showed that the
Adjust-R” was found to be within the range of 0.587 and
0.637 for all-day (0:00-24:00), the morning peak (07:00-09:00),
and the afternoon peak (17:00-19:00). A positive (+) correla-
tion was observed with the variables such as the number of
workers, students, gross floor areas of commercial, business,
educational, cultural facilities, and subway station density,
but it was found to be in a negative (-) correlation with bus
stop density. It was found that in the case of suburban areas

without subway stations, the lower the density of bus stops,
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(that s, the lower the accessibility to public transportation),
the higher the rate of car-sharing usage, though it was not
relevant in urban areas where subway and bus stops are
densely distributed in the area.

Trip generation modeling of Socar with the conventional
method showed that the explanatory power by travel dis-
tance (Adjust—Rz) for all-day (0:00-24:00), the morning peak
(07:00-09:00), and the afternoon peak (17:00-19:00) was
found to be within the range of 0.869 and 0.966. Compared
with the trip distribution model of other means of trans-
port, it was found that the trip ratio of less than 15km was
higher for car-sharing than other means. This is probably
because the users mainly use car-sharing services when
traveling in areas where access to public transportation is
difficult, or simple moving, sporadic and continuous trips
are necessary, to take the greatest advantage of their service
reservation. This coincides with the results of Leclerc, B.,
Trépanier, M., & Morency, C. (2()13) who argued that users
of car-sharing services make more trips within the trip
chain, and these trips tend to be relatively shorter and often
for non-business purposes (such as shopping or visiting
places), and that car-sharing users also tend to maximize
the use of the vehicle during their period of use.

For travel distance of 20km or longer, the ratio of car-shar-
ing trips was relatively lower compared to other means,
which is attributable to the higher service rate of car-sharing
in SMA than other means of transport. Given this, an inte-
grated system connecting car-sharing service and public
transport in areas with poor availability of public transpor-
tation or for long-distance trips is expected to reduce the
generalized costs borne by the users while boosting demand
for public transportation as well as car-sharing services. This
echoes the results of Kim, S.H. and Lee, K., (2016) and Cer-
vero (2009), suggesting accessibility to public transport is a
significant variable in the use of car-sharing service, and
car-sharing service and public transport are complementary
in nature. As for the modified car-sharing trip distribution
model, the sign of the coefficient for taxi and public trans-
portation’s generalized costs was estimated to be positive
(+), showing that the use of car-sharing services and gener-
alized costs of taxis and public transportation is positively
correlated. In other words, it was found that as the general-
ized cost of taxis and public transportation between origins

and destinations increases, the probability of car-sharing ser-
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vice usage will also increase, and that the generalized cost of
taxis has a greater impact on the use of car-sharing services
than that of public transportation. Finally, RMSE, % RMSE,
Theil's inequality coefficient, weighted mean error rate, and
total error were used to verify the modified car-sharing trip
distribution model and in all verification values, the model
reflecting the generalized cost of taxis and public transpor-
tation showed lower errors than the existing model, con-
firming that the estimating power and reliability of the

modified model showed improvement.

2. Tasks ahead

In this study, trip generation and distribution models for
car-sharing were developed in consideration of O/D land
use, socioeconomic indicators, public transport density, and
generalized costs of taxis and buses between O/D pairs; how-
ever, there are some limitations. First, the study was limited
in that only Socar trip history data was used in the analysis
among other car-sharing services. Although Socar is the
leading business in the car-sharing market with the top
market share, it cannot be said for sure that Socar bona-fide
represents the entire car-sharing service market. To make
up for these limitations going forward, another model based
on driving history data of other car-sharing services, such as
Green Car or Deliverycar, should be established. Second,
there is an issue found in the trip distribution model thatit s
difficult to estimate the distribution of intra-zone trips,
which were made possible by using the existing gravity
model. To tackle this issue, research that can reflect intra-
zone trips of 3km or shorter should also be conducted sup-
ported by traffic zones and network segmentation. Third,
although relevant studies suggest that the regional and traf-
fic environment characteristics are more influential than the
personal characteristics of the car-sharing service users, the
characteristics of the user were found to be a significant vari-
able, therefore should be considered in future studies as well.

Currently, we are witnessing a significant increase in
car-sharing users along with an outstanding growth in
related industries and infrastructure. Given this, many pre-
ceding studies abroad have suggested that the car-sharing
services should be included in urban transportation models.
In this respect, it seems to be necessary to build a car-sharing

demand model suitable for domestic situations by supple-

menting the limitations of this study. If the limitations of
this study are improved and a high-quality car-sharing
transportation model is established thanks to ardent
research in the future, it would be well utilized by urban
transportation planners and car-sharing operators. Going
forward, such models will also be applied to the forecasting
of transportation demand for new shared mobility and pub-
lic transportation such as car-sharing, personal mobility,
shared bicycles, and DRT.

Note 1. The 2019 SMA KTDB was established with the base year of
2018.

Note 2. The trips with 3km or shorter was defined as intra-zone trips
considering the average diameter of the traffic zones in SMA
such as dong, eup, myeon, etc.
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