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In order to improve customer satisfaction and reduce the cost of vehicle logistics transportation, this paper adopts the mixed-
integer programming model to analyze the delivery routes of vehicle logistics and make simulation and analysis based on the real
delivery case. The results show that, compared with a single transportation scheme, the vehicle logistics optimization scheme
based on the mixed-integer programming model is able to produce the optimal multimodal transportation plan, which can reduce
the transportation costs, improve the service of transportation enterprises, and enhance their core competitiveness.

1. Introduction

The data of 2020 China automobile production and sales
released by the China Association of Automobile Manu-
facturers on January 13, 2021, showed that production
volume in 2020 stood at 25.225 million vehicles and sales
volume at 25.311 million. All the automobiles produced and
sold by China throughout the year are transported through
vehicle logistics (VL). Based on the agile automotive supply
chain environment focusing on time competition, vehicle
logistics is to make quick response and punctual delivery by
the object of vehicle logistics, which meets the requirements
for delivery time, delivery place, and quality assurance
according to customer order. Vehicle logistics has evolved
from simple cargo movement to a new type of logistics
featured by transportation-dominance, warehousing, dis-
tribution, and end-user value-added services as supple-
mentary parts.

The newly issued regulation “Limits of dimensions, axle
and mass for motor vehicles, trailers and combination ve-
hicles (GB1589-2016),” as one of the most fundamentals in
automobile standards, exerts an important influence on
automobile transportation, traffic management, logistics
transportation, playing a vital leading role in the

development of automobiles. The standard limits the length
of the central axle trailer loaded with the whole vehicle to 22
meters, the width to 2.55 meters, and the height to 4 meters,
and loading more than 8 vehicles at one time is not allowed.
In the case of unchanged freight rates, compared with the
original large pallet trucks carrying more than a dozen trucks
at the same time, this regulation cuts off the profits of the
transportation company by a large margin, which brought a
major blow to the vehicle transportation company.
Vehicle logistics is comprised of land transport, water
transport, air transport, and so forth. Land transport can be
divided into highway transport and railway transport while
water vehicle logistics can be applied to container-vehicle
logistics and roll-on roll-off VL. As for truck logistics
companies, the optimization of distribution routes in the
context of time windows, the selection of optimized routes
from the road transportation, and water transportation and
railway transportation are the focus of this study. This study
attempts to find ways to effectively reduce the logistic costs
of automobile manufacture by the use of mass, low-cost
water transport, and railway transport, by which companies
can improve their service and efficiency and enhance their
core competitiveness. As a result, the optimal transportation
mode based on the model of the vehicle operation of fixed
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routes is significant to improve the operation and man-
agement of automobile logistics enterprises.

Generally, the problem of vehicle logistics in the context
of time windows refers to the handling approaches in re-
action to the requirements for vehicle’s arrival time, service
time, and subsequent noncompliance.

There are two scenarios of vehicle logistics in the context
of hard time windows: if the customer requires that the
vehicle arrives at the earliest or the deadline time, the vehicle
begins to provide service after the arrival of the vehicle
within the time window and the service time upon com-
pletion shall not exceed the specified deadline. If there is
noncompliance, that service will be flatly declined or refused.
And such a problem is called vehicle logistics with a hard
time window. The second scenario is that the customer
requires the vehicle to arrive within the specified early and
late time, including the earliest time prior to the ready-to-
serve time and the late time of arrival later than the ready-to-
serve time. In the context of early arrival, the vehicles have to
wait for the service till the specified time. In the context of
late arrival, that service will be flatly declined or refused.
Such a problem is also referred to as vehicle logistics in the
context of hard time windows.

As such, the problems of the vehicle logistics in the
context of soft time windows are more complex, including
the direct loss of profit caused by nonpunctual demand
requirements and the indirect customer loss caused by
declined customer satisfaction. However, rich experience
and continuous practice verification are needed to calculate
these loss costs. And there are three specific scenarios with
respect to the time window: first, if the vehicle arrives within
the time window, but subsequent to completion of service,
the time exceeds the latest service acceptance time in the
customer-specified time window. In this case, service is still
allowed, but it may be affected when the vehicle reaches the
next node. Secondly, if the vehicle arrives prior to the earliest
service acceptance time under the time window, the cus-
tomer will accept the service, but a penalty cost is added for
the vehicle’s early arrival. In the last case, if the vehicle
arrives later than the deadline service time of the time
window, the customer not only accepts the service but also
adds a penalty for the vehicle’s late arrival.

A host of scholars have researched the optimization of
vehicle routing of vehicle logistics in the context of time
windows from different perspectives. Normasari [1] for-
mulated the mathematical model of the CGVRP and pro-
pose simulated annealing (SA) heuristic for its solution in
which the CGVRP is set up as a mixed-integer linear pro-
gram (MILP). Li and Fu [2] proposed a two-layer order
allocation model for order allocation in vehicle logistics
service supply chain, considering the multiple trans-
portation modes. With the principle of cost minimization,
Hu and Yuhong [3] started from route optimization and
determined the multimodal transportation scheme within
the limitation of time. Jiang et al. [4] put forward the vehicle
logistics route optimization network in terms of the two
resources, the distribution centers of shared vehicles and
shared vehicles, respectively; constructed a mathematical
optimization model aiming to minimize the total cost of

Scientific Programming

vehicle logistics transportation; and developed a heuristic
algorithm based on genetic algorithm. Cordeau et al. [5]
designed a rolling horizon algorithm to dynamically dis-
patch road transport vehicles in response to the uncertainty
of delivery and achieved the goal of minimizing transport
vehicle costs. Hou et al. [6] constructed an optimal route for
vehicle logistics distribution by using an adaptive genetic
algorithm. Dell’Amico et al. [7] verified the search algorithm
for the loading of auto-carrier transportation and optimal
selection route. Liu and Ma [8] analyzed the plan for vehicle
leasing and vehicle sharing within the range of time win-
dows. Cheng et al. [9] raised an improved genetic annealing
algorithm to optimize transportation with an adaptive cross-
variance rate strategy. Ma et al. [10] analyzed the issue of
time-dependent vehicle running speed in practice and
studied the solution of time-dependent vehicle routing. Liu
et al. [11] studied vehicle routing under sudden-onset di-
sasters. Baldacci [12] established a cost model on the op-
timization of the vehicle logistics network, used heuristic
algorithm and exact algorithm to solve the problem, and
found that the heuristic algorithm for multinode network
optimization problem can obtain an effective solution in a
short time. Xiong et al. [13] analyzed the optimization of
multimodal transportation and multiagent operation in the
context of time windows. Ceschia et al. [14] designed a tabu
exploration algorithm for the heterogeneous vehicle
routing problem in the context of time windows. Lin et al.
[15] improved the ant colony algorithm for the vehicle
routing problem with time windows. Jin et al. [16] used a
piecewise linear pricing mechanism to establish a piecewise
linear model, taking into account the impact of the dif-
ference in price discounts of different railway trans-
portation volumes on the structure of the vehicle
distribution network.

From the literature review mentioned above, it is ap-
parent that scholars at home and abroad have made some
achievements in the vehicle routing problem in the context
of time window, but the research on vehicle logistics opti-
mization in terms of multimodal transportation is insuffi-
cient yet. Most of the studies only take into consideration the
objective function of minimizing transportation costs but
fail to consider the problem of time constraints. As to vehicle
logistics, we believe that it is inadequate to consider the only
factor of the transportation route optimization; instead, it
may be more sensible to choose a reasonable multimodal
transport scheme according to the real situation. This study
focuses on vehicle logistics optimization of multimodal
transportation in the context of time window, which is a
complement and improvement compared with previous
research, as it takes customers’ demand into account and
enriches the results of vehicle logistics transportation
reoptimization.

In this study, we explore the distribution optimization
problem of vehicle logistics in the context of transport time
limit. It establishes a mathematical model based on the goal,
to make the transportation cost optimization as low as
possible, and develops an optimal solution to the vehicle
logistics multimodal transport while leveraging the CPLEX
(Branch and Bound Algorithm) to precede the model. Real
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cases prove that the route solution is effective in solving the
practical problems of transportation enterprises.

2. Problem Descriptions and Modeling

2.1. Problem Description. Vehicle logistics in the context of
time windows provides customers in different cities with the
quantity of vehicles they need to purchase. The logistics and
transportation company dispatches vehicles from OEMs to
meet customer needs. Generally, customers have require-
ments for vehicle arrival time, that is, time window. The
paper considers an OEM, multiple demand points, and the
demand and time windows of each demand point. The
specific situation is as follows.

Every city generally has a demand for vehicles from the
original equipment manufacturer (OEM) to the destination
city via multiple cities. The vehicle logistics network com-
posed of the OEM, transit cities, and destination cities is
shown in Figure 1. Every city has different requirements for
vehicles. The vehicle logistics from OEM to other cities may
bypass highway, railway, or water transportation. If trans-
porting vehicles satisfies the requirements of cities along the
route and destination cities, it is necessary to consider the
cost of transshipment between cities and the time limit
incurred by each city. If overtime occurs, there will be delay
costs. It is essential to choose the optimized transportation
route as a whole.

2.2. Model Hypothesis. There is one and only one mode of
transportation for each distance travelled. There are suffi-
cient means of transport; that is, each mode of transport that
is selected for each distance can cover the whole distance
without resorting to other modes, not considering the round
trip.

Use the mixed integer programming model for
calculations.

2.3. Model Parameters and Definitions

o: point of departure

i: the i™ supply point, which is the i distance travelled
corresponding to the supply point

d;: the demand at the i supply point

t5: the s™ transportation time of the i™ distance
travelled

c;: the unit transportation cost of the s™ transportation
mode on the i distance travelled (unit: per vehicle)

tti, : the transit time of the i™ supply points and for the
s, h transportation ways

ct!,: the unit transfer cost of the it supply pointand s, h
two modes of transport (yuan/(per vehicle per
kilometer))

pp;: time limit for the i™ supply point

cs;: overtime unit cost of the i™ supply point (yuan/
vehicle)

pi=2Y);d; the i™ transportation volume

3
A2
o A3
FiGure 1: The vehicle logistics network.
g = Yiin di the ih node transfer

volume(1<i<n-1)
Decision variables:

x3: 0-1 variables, whether the i distance travelled is the
s transportation mode; 1 is yes and 0 is no

¥, 0-1, whether the i™ supply point is s, h for
transshipment; 1 is yes and 0 is no

T;: arrival time of the i supply point
w;: delay time of the i supply point

;: 0-1 variable, whether the i™ supply point is delayed;
1 is yes and 0 is no

2.4. Mathematical Formulation.
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Minimize the total cost, including transportation cost,
transshipment cost, and delay cost:

3

ij=1, i=1,...,n (2)

s=1

Choose one and only one mode of transportation for the
distance travelled:

.on-1, (3)
h=1
3 .
xzirl < thS, i=1,...,n-1, (4)
h=1
3 3
Y yh=1 i=L.n-l (5)

Transshipment is required if the transportation mode at
both ends of the supply point (3)-(5) is different:

s=1
Ti=1", s s (6)
Y+ Y byl 2<isn,
s=1j=1 h=1s=1
T,— pp;<Mys, i=1,...,n, (7)

w; —(T; = pp;) <M (ys; - 1), i=1,...,n (8)



x;€{0,1}, i=1,...,ns=123, (9)
yhef01), i=1,...,n-1,5h=12.3 (10)
y;€{0,1}, i=1,...,n (11)

Whether the arrival at the supply points (7) and (8) is
delayed: if it is delayed, calculate the delay time.

3. Case Analyses

A company needs to send vehicles from the Shanghai car
factory to Tianjin, Beijing, and Dalian every month. At the
same time, the time limit of vehicles’ arrival is required to
meet customer’s demand for orders. The transport from
Shanghai to Beijing transits at Tianjin, and the transport
from Shanghai to Dalian transits at Tianjin and Beijing. The
car factory uses KPI to access the performance of the time
limit of the transport company. KPI includes vehicle damage
rate, on-time delivery rate, on-time arrival rate, and data
accuracy. In this simulation, on-time arrival rate, part of the
KPI is converted into penalty costs.

3.1. Data of the Car of a Certain Brand Sent from Shanghai to
Tianjin, Beijing, and Dalian. The demand for the car of
brand A in Tianjin, Beijing, and Dalian is D1, D2, and D3,
respectively:

D1 = 966;
D2 = 3855; (12)
D3 = 121.

See Table 1 for the transportation time rate from
Shanghai to Tianjin, Tianjin to Beijing, Beijing to Dalian,
Shanghai to Beijing, and Shanghai to Dalian.

The unit transportation cost of Shanghai to Tianjin,
Tianjin to Beijing, Beijing to Dalian, Shanghai to Beijing, and
Shanghai to Dalian is shown in Table 2.

The transit time in Tianjin and Beijing when trans-
porting vehicles from Shanghai to Tianjin and Beijing is
shown in Table 3.

The unit transshipment costs per two modes of transport
for vehicles departing from Shanghai via Tianjin and Beijing
are shown in Table 4.

The arrival time limit of transport vehicles departing
from Shanghai to Tianjin, Beijing, and Dalian (due date) is
shown in Table 5.

Penalty for arriving at the destination city for one hour
overtime: RMB 10/vehicle (cs;).

The vehicle transport volume from Shanghai to Tianjin,
Beijing, and Dalian is 4942, 3976, and 121, respectively,
pi=2d;.

The transport volume in Tianjin and Beijing is 3976 and
121. respectively. (q; = Y"_.., d,).

Jj=i+1
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3.2. Computational Results. For road transportation time,
we have calculated the effective transportation time, and the
sleep time of the driver is not considered. The calculation
results with cplex_studiol25.win-x86-32 are as follows:

Using the data provided, the Shanghai-Tianjin waterway
unit transportation cost 600 is the lowest, while the
Shanghai-Tianjin section uses water transportation, and the
Tianjin-Beijing and Beijing-Dalian sections use railway
transportation, which has the lowest cost.

There will be transshipment charges in Tianjin.

As the transit time from Tianjin waterway to railway is
waiting for the train for 3-48 hours, the calculation was
carried out in three cases:

(1) Transshipment takes 3 hours:

Therefore, if the transshipment in Tianjin is not
overtime, the lengths of time to reach Tianjin, Bei-
jing, and Dalian are 48, 52, and 58 hours, respec-
tively. The total cost is 3,847,300,300 yuan.

(2) Transshipment takes 24 hours:

Therefore, if the transshipment in Tianjin is not
overtime, the lengths of time to reach Tianjin, Bei-
jing, and Dalian are 48, 73, and 79 hours, respec-
tively. The total cost is 3,947,508,800 yuan.

(3) Transshipment takes 48 hours:

Therefore, the transshipment in Tianjin will be overtime
in Beijing, and the lengths of time to reach Tianjin,
Beijing, and Dalian are 48, 97, and 103 hours respec-
tively, and the overtime cost for 1 hour in Beijing is
38550 yuan. The total cost is 4,105,676 million yuan.

Based on the above results, the analysis and discussion
are as follows.

In terms of other transportation modes, for example, in
the first case, direct transportation from Shanghai to Beijing,
the other two multimodal transportation routes are un-
changed, and the longest transmit time from Tianjin wa-
terway to railway is 48 hours. The minimum cost of direct
transportation from Shanghai to Beijing is 3.084 million
yuan for railway transportation. The demand for Beijing in
the model is changed to 0, and the transportation mode
remains unchanged. The multimodal transportation cost is
75,596,960 yuan, and the total logistics cost is 3,839,696
yuan. In the second case, direct transportation from
Shanghai to Dalian and multimodal transportation in the
other two places, we can get to know that there is no change
in the first two sections of the transportation mode. A direct
railway transport from Shanghai to Dalian and the mini-
mum total logistics cost is 405.7298 yuan. In the third case,
the three places all adopt the mode is direct transportation.
Obviously, the total freight rate is the lowest at 3,784,600
yuan, if we take the water transport from Shanghai to Tianjin
and Dalian and the railway from Shanghai to Beijing.

From the above analysis, it is noticeable that the cost of
direct transportation is the lowest; thus, this mode is highly
recommended. But this is the result according to data
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TaBLE 1: Transportation time of each distance (unit: hours).

t; Road transportation time

Railway transportation time (hours)

Waterway transportation time

Shanghai to Tianjin
Tianjin to Beijing
Beijing to Dalian
Shanghai to Beijing
Shanghai to Dalian

16 hours + 8 sleep hours
2 hours

12 hours + 8 sleep hours

18 hours + 8 sleep hours

30 hours + 16 sleep hours

6 48 hours
1 N/A
6 N/A
6 N/A
11 48 hours

TaBLE 2: Unit transportation cost of each route (unit: CNY/vehicle).

S

Railway unit cost Waterway unit cost

c Highway unit cost
Shanghai to Tianjin 1500
Tianjin to Beijing 350
Beijing to Dalian 1000
Shanghai to Beijing 1700
Shanghai to Dalian 2400

700 600
200 N/A
600 N/A
800 N/A
1100 1000

TaBLE 3: Transit time of two transport modes at each point (unit: hours).

tt, Transit time of highway to waterway  Transit time of waterway to railway  Transit time of railway to highway (hours)
Tianjin Wait 3-24 hours for ship Wait 3-48 hours for train 3
Beijing N/A N/A 3

TaBLE 4: Transshipment costs per unit of two transport modes at each demand point (unit: yuan/vehicle/km).
cty Transit costs from road to waterway Transit costs from waterway to railway Transit costs from railway to road
Tianjin 0 1.2 0
Beijing 0 1.2 0

TaBLE 5: The arrival time limit at each demand point (unit: hours).

PP Transit time (due date)
Shanghai to Tianjin 72
Shanghai to Beijing 96

Shanghai to Dalian 120

calculation. In fact, the cost of multimodal transportation is
generally the lowest due to its scale effect. Therefore, the
result of this study may be contrary to the general theory
without considering the scale effect.

Some of the data collected, such as transmit time, are
uncertain, so it may lead to slightly inaccurate calculations,
such as unit transportation cost, overtime penalty cost, and
quantity demand. Therefore, the fluctuation margin of the
following sensitivity analysis against various data is about
10%.

There is a huge gap among the three direct trans-
portation modes in terms of both unit transportation cost
and transportation time, so the smaller fluctuations do not
have an impact on the transportation mode, and the fol-
lowing analysis is mainly against multimodal transportation.

First, the unit transportation cost and transportation
time are analyzed. According to the given data in Table 6 and
the practical operation, it is found that the unit trans-
portation cost of truck-load is not related to time, but merely

to the transportation volume. Therefore, the fluctuation of
transportation time does not affect the selection of trans-
portation modes. Thus, the fluctuation of the unit trans-
portation cost is analyzed. There are three sections of
transportation and the last two parts are Tianjin-Beijing and
Beijing-Dalian sections. The unit transportation cost and
transportation time of railway transport have their advan-
tages, and smaller fluctuations will not have an impact on the
results. Therefore, this study mainly focuses on the analysis
of fluctuations in unit transportation costs from Shanghai to
Tianjin. The upward fluctuation of the unit transportation of
the railway will not affect the result of choosing cheaper
waterway transport. Therefore, this study mainly considers
10% of the downward fluctuation of railway unit
transportation.

The analysis results show that when the unit trans-
portation cost of the railway fluctuates slightly. It is not
enough to make up for the cost of water transport, especially
the overtime cost, which has no effect on the result. When
the unit transportation cost of the railway (e.g., 640 yuan/
vehicle) is close to that of water transportation, when the
unit transportation cost is not much higher, the advantage of
railway transportation time becomes prominent. Although
the cost is still higher than water transport, the higher part is
lower than the overtime cost of water transport. Therefore, it
has a greater impact on the results.
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TABLE 6: Sensitivity analysis of railway unit transportation cost from Shanghai to Tianjin.

Unit transportation

. 690 680 670 650 640 630 620
cost (yuan/unit)
E?\;[Si)cost (10,000 406.20176 406.20176 406.20176 406.20176 403.068 398.126 393.184
. Waterway- Waterway- Waterway- Waterway- Railway- Railway- Railway-
Transportation mode . . . . . . . . railway- railway- railway-
railway-railway railway-railway railway-railway railway-railway . . .
railway railway railway

Note. Waterway-railway-railway means the first section is waterway transportation and the last two parts are railway transportation.

Then, 10% fluctuation in transit and transshipment costs
is analyzed. Based on the previous analysis, the possibility of
transshipment in Tianjin is relatively high, especially from
water transport to railway transport. There is no need to
consider transshipment elsewhere. In the previous discus-
sion on the transmit time of 3, 12, and 48 hours, the
transportation mode has not changed. As a result, the
transshipment cost is the only consideration. Obviously, the
reduction in transshipment costs will not affect the results,
and the upward fluctuations are mainly considered.

The results demonstrated that the fluctuation of Tianjin’s
transshipment cost will not affect the change of trans-
portation mode, but the total logistics cost will change
proportionally due to the change of unit transshipment
costs.

In addition, the overtime penalty cost and the 10%
fluctuation in demand are analyzed. As a consequence, the
transportation mode does not change. In this mission, the
main situation is that overtime of 1 hour occurred in Beijing.
The logistics cost caused by the small fluctuation of the
penalty cost is too small for the entire multimodal trans-
portation to affect the entire decision-making. As for de-
mand, the main unit transportation costs and unit
transshipment costs are high or low due to the influence of
decision-making. Thus, demand fluctuations cannot play a
role in the change of transportation modes but can only
increase or decrease the total logistics cost in direct pro-
portion to the number of demand fluctuations.

4. Conclusions

The above sensitivity analysis shows that the smaller fluc-
tuations have basically no effect on calculating results, and
the sensitivity is low. Most of the data fluctuate because the
three transportation modes, regardless of the unit trans-
portation cost and transportation time, have a relatively
large difference, except for the water transport and railway
transport in the Shanghai-Tianjin section. Some data, such
as transshipment undergoes a short time against the entire
multimodal transportation (such as transshipment), cannot
pose a remarkable impact, and the sensitivity is also very low.
Or some data, such as transit time data, have little impact on
the results: because of the long intermodal transport time
and the short transit time, the transit time may not have a
greater impact on the overall multimodal transport results,
resulting in the low sensitivity. Since the unit price of water
transport from Shanghai to Tianjin and railway transport
has a great influence on this multimodal transport, the

decision-making should take into account the price change
of railway transport and waterway transportation.

For the problem of excessively high logistics costs in the
process of long-distance transportation of vehicle logistics, a
mixed integer programming model is used for calculation,
and a vehicle logistics vehicle optimization path model in the
context of a soft time window is established to obtain the
optimal multimodal transportation that meets the time
requirements, which saves costs for enterprises. We select a
fixed line and prove the feasibility of the model through
simulation calculations on a company’s real transportation
vehicles. Therefore, for logistics companies, the research
results of this article are somewhat significant in reducing
energy consumption, offsetting business operating costs, and
improving efficiency. At the same time, it has reference value
for similar transportation companies.

It should be noted that, for the overtime arrival of ve-
hicles, the automotive OEM (original equipment manu-
facturer) uses the method to assess the transportation
company’s monthly KPI to decide whether to punish or not,
which is converted into a penalty for calculation in this
study.
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