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ABSTRACT Due to severe congestion before the Three Gorges Dam, roll-on/roll-off and container carriers
are encouraged to adopt water-land transshipment mode. Owing to high transit and road costs, however,
carriers are reluctant to adopt this mode. In this paper, we study the spatial-temporal relationship between the
transshipment mode and the transshipment cost. Furthermore, we analyze the feasibility of subsidy strategies
with regards to water-land transshipment from the standpoint of the government. An evolutionary game
theory model is used to identify the equilibrium points of transshipment and non-transshipment, as well as
subsidy and non-subsidy strategies available to carriers and the government, respectively, under different
scenarios. With a transshipment job for a major carrier as an example, freight prices offered by carriers and
subsidies provided by the government under water-road and water-road-water modes are analyzed, with the
aim of providing strategic input for both the government and the carriers.

INDEX TERMS Three Gorges Dam, transshipment, evolutionary game theory.

I. INTRODUCTION

Inland waterway transport, which is characterized by its
ability to handle large capacity, low transportation cost, and
environment-friendliness, has attracted much attention owing
to globalization and growing foreign trade volumes. In China,
the Yangtze river plays a leading role with a total cargo
volume of 2.69 billion tons in 2018, and is an irreplaceable
transport corridor. It has been the busiest navigable inland
waterway in the world since 2006.

The Three Gorges Dam (TGD), at the upper stream of
the Yangtze River, has been an infrastructure bottleneck due
to the insufficient navigation capacity of locks [1]-[4] (see
Figure 1). According to Three Gorges’ Navigation Authority,
there are 300 ships, on average, waiting for passing locks
daily, with a delay of at least 3 days. Occasionally, the TGD
has to implement reverse-directional single lock opera-
tions for emergencies such as extreme weather conditions,
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FIGURE 1. Development of the TGD.

accidents, and equipment malfunctions [3], [4], which further
aggravates congestion. Thus, the TGD is a major impediment
to the future development of the Yangtse river as an inland
transport corridor [4], [5].

In the United States, similar lock congestion is common
on the Upper Mississippi River (UMR) [6]-[12]. Various
alternative strategies and improvements have been considered
for relieving traffic congestion, and several simulation tools
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have also been developed to validate such strategies with the
help of queuing theories [8], [13]. A fixed effects regression
model with regards to lock usage and lock characteristics for
alleviating congestion on individual locks along the UMR
system was proposed by Reynaerts [14]. A non-parametric
model to relieve congestion, taking into account the arrival,
waiting and lockage time of vessels at the UMR’s locks, was
presented by Zhang et al. [15].

Congestion problems on the Three Gorges-Gezhouba
Dam (TGGD) have also attracted the attention of researchers
and practitioners, with the goal of reducing the waiting time
and alleviating navigation pressure. Due to the limited capac-
ity and insufficient throughput constraints of the dam, high
traffic density has led to increased congestion and delays.
Studies were conducted on an optimal co-scheduling strat-
egy for the two dams at the Three Gorges with regards
to operational and dispatch scheduling to minimize the
total weighted tardiness or the waiting time of ships [16].
Wang and Ruan [17] and Wang et al. [18] provided mathemat-
ical models to minimize the total navigation ship-lock waiting
time under multiple constraints for the TGGD co-scheduling
problem.

Other solutions for relieving lock congestion problems,
such as building new locks [10] or adding more parallel
channels [16], can be found in the relevant literature too, but
they are generally very expensive and face restrictions owing
to spatial and geographical conditions. Lock capacity expan-
sion on the Mississippi River system and China waterway
system have also been discussed [6], [19], [20]. Besides being
prohibitively expensive, such solutions have a significant
environmental impact and will, therefore, encounter major
implementation issues.

To address congestion issues and increased freight vol-
umes, the Three Gorges Transshipment System has been
developed as an alternative transportation mode, which facili-
tates Roll-on/Roll-off (RO-RO) and allows container ships to
transfer cargoes by water-land or water-land-water transship-
ment mode. In transshipment mode, cargoes are unloaded on
the docks or terminals in front of locks, and then transported
by land transport such as road and railway. The South Trans-
shipment Highway has already opened to traffic, and carri-
ers are encouraged to engage in transshipment to alleviate
congestion (see Figure 2). Despite convenient transshipment
conditions, the transshipment ratio is quite low because of the
carriers’ reluctance to take this mode owing to high transit
and road transportation costs. Models of locks and different
kinds of water—land transshipment of mixed transportation
systems for the TGD were established in [3] and [21]. How-
ever, none of them discussed research focusing on issues of
subsidy policy of the government, behavioral strategies of the
government and carriers, and carrier pricing.

Subsidization, which is a price-based instrument of gov-
ernments, can potentially enable carriers to offer a more
competitive freight price and thus improve the transship-
ment ratio. Evolutionary game theory has proven to be an
effective analytical tool for studying the relationship between
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FIGURE 2. Water-land transshipment at the TGD.

policy makers like governments and receptors like ship car-
riers. However, there is no previous work regarding the
behavioral strategy of carriers and the government for the
Three Gorges Transshipment System. Similarly, the impact
of different government subsidy policies for the carriers has
been considered by only a few prior studies. Effective policy
guidance is, therefore, required to regulate, guide and adjust
ship flows for reducing congestion pressure and improving
the utilization of road infrastructure.

Considering the issues discussed above, we propose an
evolutionary game theory model to address the following
questions:

(1) How can we understand the behavioral strategies of
RO-RO and container carriers toward the adoption of trans-
shipment in case of congestion? Or should they wait for
lockage mode regardless of the time and delay costs?

(2) Should the government provide subsidies to the carriers
for encouraging transshipment mode to reduce the conges-
tion pressure before the TGD? Will government subsidies be
effective in promoting transshipment mode?

(3) Given various subsidy mechanisms, which mechanism
is the best for encouraging carriers to adopt transshipment
mode for congestion alleviation? Or what is the suitable
freight price for carriers to adopt transshipment mode under
different transshipment modes?

(4) Should subsidies be the same for water-road or
water-road-water transshipment modes? More importantly,
can subsidies really achieve the desired result of congestion
alleviation?

Based on the above questions, we explore different trans-
shipment mechanisms to elaborate the spatial-temporal rela-
tionship between different transshipment modes and the
transshipment cost, with the aim of explaining the effect
of government policies on the behavior of carriers, and
determining whether carriers would adopt transshipment in
response to government subsidies. Given the above, this paper
contributes to the literature by exploring this research avenue,
and major contributions of our study can be summarized as
follows:

« This work takes the lead in studying behavioral strate-
gies of the government and carriers in the transshipment
system of the TGD, and provides suggestions to the
government and shipping enterprises for the develop-
ment of long-term strategic decisions by incorporating
transshipment;
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« It is found that subsidy schemes can contribute toward
alleviating the congestion before the TGD. This can
also provide policy guidelines for other transshipment
modes, such as water-railway-water or water-railway
transshipment modes;

The rest of this paper is organized as follows. Our
model construction and analysis are presented in Section II.
In Section III, we present a case study for understanding
the relationship between the government and carriers, and
discuss the results of simulation experiments conducted to
verify the evolutionary stable strategy (ESS). Finally, our
conclusion is drawn in Section IV.

Il. MODEL ESTABLISHMENT

A. BASIC ASSUMPTIONS

Hypothesis 1. Main participants in the game model are the
local government and carriers, who are faced with uncer-
tain situations and have bounded rationality. Initially, their
behavioral strategies are not optimal because of the lack
of complete information. Through constant exploration and
the availability of more information, they can gradually find
suitable behavioral strategies.

Hypothesis 2. Carriers act to maximize their profits and
can opt for either transshipment and non-transshipment. The
local government acts as the policymaker, and there are two
policies available: subsidy and non-subsidy with maximum
profits. In the case of government subsidy to carriers, it cannot
exceed their cost.

Hypothesis 3. Given the assumption that carriers adopt the
transshipment strategy with probability x (0 < x < 1),
the opposing non-transshipment strategy has a probability
of 1 — x. The selection probability of the subsidy strategy
by the government is y (0 < y < 1), whereas the selec-
tion probability of non-subsidy is 1 — y. In selecting their
strategies, each party hopes to maximize its own utility. The
tree structure of the game model under different strategies is
shown in Figure 3.

B. EVOLUTIONARY GAME MODELING

Based on the above assumptions, parameters and variable
symbols with their descriptions are shown in Table 1. Sim-
ilarly, the income matrix of game participants under different
strategies is shown in Table 2.
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TABLE 1. Parameter and variable symbol descriptions.

Patr;rsne Descriptions

k RO-RO and container ships

Q Ship freight volume

”; Profit of carriers via
transshipment mode

ﬂ-z Profit of carriers via lockage
mode

C;i Cost of carriers via transshipment
mode

CkZ Cost of carriers via lockage mode

F; Government profit with carriers’
transshipment mode

A Government profit with carriers’

lockage mode

S Subsidies for carriers by the
government

C! Management cost paid by the
government

Cf Supervision cost for the

) government with carriers’

lockage mode

TABLE 2. The payoff matrix.

Carriers
Transshipment Non-transshipment
(x) (1-x)
Gove | Subsidy F,—C. -8 F,-C,-C:-S
mme | (Y ) . } , ,
nt 7,—C +S 7, —C +S§
Non- F=C, F-C -C
subsidy . . o
(1-y) 7w, —C, 7z, —C,

According to Table 2, we can get the profit functions for
both the government and carriers under different strategies as
follows:

The profit when carriers choose to carry out transshipment
activities is:

U =y —CL+ )+ (1 =yl = ¢ch (1)

The profit when carriers
non-transshipment activities is:

Uy =y — C}+8) + (1 — ) — CP) 2)

choose to carry out

The average expected payoff is represented as follows:
Uy =xUn + (1 —x)Ur2 3

The profit when the government chooses to offer subsidies
is:

Uyt =x(F1 = Cy =S) + (1 —x)(F2 —C; — C; = S5) (4)

The profit when the government chooses not to offer
subsidies is:

Up=x(Fi—=CH+ (1 -x)F,—C; = CD (5
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TABLE 3. Determinants and traces of the Jacobian matrix for different
equilibrium points.

Det(J) Tr(J)
(0,0) -AS A-S
(0,1) AS A+S
(1,0) AS -(A+S)
(1,1) -AS «(A-S)

The average expected payoff is represented as follows:
Uy =yUs1 + (1 = y)Un (6)
The evolutionary replicator dynamics equation when car-
riers choose the transshipment strategy is:
Fy=dx/dt=x(Uy; — Up)=x(1 — x)(r} —C} =} +C})
@)

The replicator dynamics equation when the government
chooses to offer subsidies is:

Fy =dy/dt = y(Uy — Uz) = y(1 = y)(=S) ®)

According to Friedman [22], the stability of equilibrium
points can be analyzed using the Jacobian matrix. The Jaco-
bian matrix of the above replicator dynamics system (I) is as
follows:

dFy OF,

1=\ inan | =[]
dx dy

Jit =1 =20} = Cl—nf +CH (10)

Jn =1 =2y)(=S) (11)

Jio=0 (12)

Jyi =0 (13)

Det (J) = (J11J22 — J12J21) = [(1 — 2x)
x (= Cf — 7 + CHx (1 = 2y)(=$)] — 0
= (1= 2x)(1 — 2)(m} = C} =2+ C2)(=S) (14)
Tr (J) = Jii +J2 = (1 = 2x)(x} — C} — n}
+CP) + (1 = 2y)(=5)
= (1-2x)(r} —Cl—m} + C}) = S(1 = 2y) (15)

LetA = ! — C} — nf + C}, then, different equilibrium
points of the Jacobian matrix are shown in Table 3.

Proposition 1. The equilibrium points of the replicator
dynamics system (I) are (0,0), (0,1), (1,0), (1,1).

Proof 1. To seek the system’s stable strategy, let the
replicator dynamic equation of the government and carriers
be zero, i.e., Fx = 0, Fy, = 0; then, we get the equilibrium
points as (0,0), (0,1), (1,0), (1,1).

Proposition 2.

(1) Case 1: When A<0, S>0, A-S<0, A+S>0, there
exists an ESS (0,0) in the replicator dynamics system (I).
The behavior strategy is (Non-transshipment, Non-subsidy).
The evolutionary path is displayed in Figure 4(a).
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FIGURE 4. Local stability of the evolutionary game between the
government and carriers.

(2) Case 2: When A<0, S>0, A-S<0, A+S<0, then (0,0)
is an ESS in the replicator dynamics system (I). The behavior
strategy is (Non-transshipment, Non-subsidy). The evolu-
tionary path is displayed in Figure 4(b).

(3) Case 3: When A>0, S>0, A+S>0, A-S>0, the repli-
cator dynamic system (I) has an ESS of (1,0). The behavior
strategy is (Transshipment, Non-subsidy). The evolutionary
path is displayed in Figure 4(c).

(4) Case 4: When A>0, S>0, A4+S>0, A-S<0, then (1,0)
is an ESS in the replicator dynamic system (I). The behavior
strategy is (Transshipment, Non-subsidy). The evolutionary
path is displayed in Figure 4(d).

Proof 2.

We analyze the local stability of the four equilibrium points
obtained from Proposition 1 under different constraints. From
Figures 4(a)-(b) and Table 4, (0,0) has the local stability
under Cases 1 and 2, as it represents a stable equilibrium
in the system evolution and the ESS of (Non-transshipment,
Non-subsidy). With carriers and the government choosing
non-transshipment and non-subsidy strategies, respectively,
the system’s evolutionary equilibrium reaches a stable state
with the maximum payoff for both players. (1,1) indicates an
unstable system evolutionary equilibrium, and (0,1) and (1,0)
are saddle points.

Similarly, from Figures 4(c)-(d) and Table 5, the sys-
tem converges to (1,0), which has local stability under
Cases 3 and 4. Therefore, the only ESS for the system is
when carriers choose to adopt transshipment mode, and the
government would not offer subsidies. (0,0) and (1,1) are
saddle points, and (0,1) is the unstable system evolutionary
equilibrium.

IIl. NUMERICAL SIMULATION ANALYSIS
China Changjiang National Shipping Group Company Ltd
(CCNSC) is the largest shipping company in China for inland
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TABLE 4. Local stability analysis of the evolutionary game between the
government and carriers.

Cases 1, 2

Equilib | A<0

rium S>0
points A-S<0
A+S>0 (a) A+S<0 (b)
Det(J)| Tr(J) State Det(J)| Tr(J)| State
(0,0) + - ESS + - ESS
(0,1) - + Saddle | - - Saddle
point point
(1,0) - - Saddle | - + Saddle
point point
(1,1) + + Instabil | + + Instabil
ity ity
point point

TABLE 5. Local stability analysis of the evolutionary game between the
government and carriers.

Cases 3,4
Equilib | A>0
rium S>0
points A+S>0
A-S>0 (a) A-S<0 (b)
Det(J) Tr(J) State Det(J)| Tr(J)| State
(0,0) - + Saddle | - - Saddle
point point
(0,1) + + Instabil | + + Instabil
ity ity
point point
(1,0) + - ESS + - ESS
(1,1) - - Saddle | - + Saddle
point point

waterway transportation. They primarily work in RO-RO
ships’ transportation in the Yangtze River from Chongqing to
Wuhan or to Shanghai, and vice-versa. Sometimes they must
use transshipment to meet customers’ requirements because
of serious congestion at the TGD. For example, on the 18
of October 2018, they transferred the cargo to road trans-
portation at Zigui Terminal using 320 vehicles for a journey
from Chongqing to Wuhan. With water-land transshipment,
they transported the cargo three days earlier than normal.
It is known that the waterway unit cost is 0.15 RMB/(t- km),
the road unit cost is 1 RMB/(t- km), the time waiting cost
before the TGD is 1 RMB/(h- t), and the contract freight price
is 700 RMB per vehicle. Each vehicle can be converted to
1.5 ton. The waterway distance from Chongqing to Wuhan
is 1286 km, Chongging to the TGD is 606 km, and the
road distance from the TGD to Wuhan is 350 km. Mean-
while, Wuhan’s Shipping Management Committee provides
a subsidy of 1 RMB per vehicle for inbound RO-RO ships
with inland waterway transportation. Initial parameters for
the simulation analysis are presented in Table 6.
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TABLE 6. Initial values of the parameters via water-road transshipment
mode.

Parameters Values
7! 224000
72 224000
c! 211632
c? 127152
Q 320
E 22800
F, 0
S 320
c! 27000
c? 100

1.0

0.8 1

0.6 1

y

0.4 1

0.2 1

0.0 -

O,’O 0.‘2 O,I4 0.’6 078 1.0

X

FIGURE 5. The evolution phase diagram for Case 2.

We used Python 3.7 to simulate the system’s evolution
process, with the main parameters in different initial states.
Based on the current water-road transshipment mode, when
A<0, A-S<0, and A+S<0, we can see in Figures 5, 6 and 7
that all the evolutionary curves converge to ESS (0,0). This
shows that, in the current state, carriers should not adopt
transshipment mode and the government should not provide
subsidies to carriers. Figure 6 and Figure 7 show the changing
trend of different x and different y with time of t. When t
is between 0.1 and 0.2, some smooth curves go downward
sharply, which means the effect of t is quite significant. On the
whole, the curves of x and y all converge to 0. From Figure 8,
with the initial values (x,y) set to (0.5,0.53), we can see that
both x and y converge to (0,0) with time t to reach a steady
state. Thus, Case 2 is verified.

In the quantity-based subsidy scheme for water-road trans-
shipment mode, the government will provide subsidies to
carriers to encourage transshipment adoption. Under the same
contract freight price, Figure 9 shows evolutionary paths of

VOLUME 8, 2020



L. Yang et al.: Using Evolutionary Game Theory to Study Behavioral Strategies

IEEE Access

0.5
0.4 1
0.3
x
0.2
0.1
0.0 1
T T T
0.0 0.2 0.4

FIGURE 6. Trajectories of dx / dt for Case 2.
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FIGURE 7. Trajectories of dy / dt for Case 2.
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FIGURE 8. Evolutionary paths of carriers and the government.

different subsidies provided to the carriers by the government.
It illustrates that when the subsidy is more than 265 RMB per
vehicle, RO-RO carriers can adopt water-land transshipment
mode to save both delay and time costs.

If carriers adopt water-road-water transshipment mode,
trucks should be available to transport containers from Zigui
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FIGURE 10. Evolutionary paths of water-road-water mode with toll
discounts in Case 4.

Terminal to Baiyang Terminal through the South Transship-
ment Highway. Furthermore, the local highway management
department has reduced the highway toll for the South Trans-
shipment Highway by 50% from the 1% of January 2019,
to encourage water-land transshipment and to lower con-
gestion. With the initial value of (x,y) set to (0.6,0.4), Fig-
ure 10 shows the evolutionary paths of the government and
the carriers when A>0, A+S>0, A-S<0, which means the
government would not provide subsides and the carriers
would transfer to water-road-water transshipment mode with
profit maximization. Thus, Case 4 is verified.

However, without highway toll discounts and with subsi-
dies from Wuhan’s Shipping Management Committee, if car-
riers are to adopt water-road-water mode, trucks should
undertake transportation back and forth many times. If trucks
are fully loaded for both legs of the round trip, Figure 11
shows that RO-RO carriers can adopt water-road-water trans-
shipment mode to save time cost and maximize profits when
the subsidy provided per vehicle is more than 112 RMB.
Thus, congestion pressure can be relieved before the TGD.

Similarly, Figure 12 shows the evolutionary paths of
subsidies without highway toll discounts and when the trucks
are fully loaded only on one leg of the trip and empty on
the other. It can be seen that RO-RO carriers can transfer to
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It is believed that this work can provide strategic input for
the government regarding subsidy policies, and can lay the
foundation for subsidy policies for water-railway or water-
railway-water transshipment mode.

10
08
= S1=267 RMB/vehicle
087 — 52266 RMBivehicle
(-8
—  53=265 RMBivehicle
041
S4=264 RMB/vehicle
021 — 55263 RMB/vehicle
00

0.0 0.2 0.4 0.
t

o

0.8 L0

FIGURE 11. Evolutionary paths of subsidies with fully loaded trucks for
both legs of the trip.

1.0
0.8 |
———  S1=144 RMB/vehicle
0.6 e $2=143 RMB/vehicle
o ————S3=I42 RMB/vehicle
o4 ———  S4=141 RMB/vehicle
— §5=140 RMB/vehicle
0.2
0.0 L

0.0 0.2 0.4 0.6 0.8 10

FIGURE 12. Evolutionary paths of subsidies with trucks fully loaded and
empty on the outward and return legs, respectively.

water-road-water mode with the aim of profit maximiza-
tion only when the subsidy provided per vehicle is more
than 142 RMB.

IV. CONCLUSION

Due to high transit and road transportation costs, RO-RO and
container carriers are reluctant to adopt water-land transship-
ment mode before the TGD. The government aims to encour-
age partial ship flows through water-land transshipment mode
with the purpose of alleviating lock congestion. Based on this,
our paper explored the spatial-temporal relationship between
transshipment mode and high costs such as transit and road
transportation costs. The feasibility of subsidy policies that
the government can adopt was also explored, by considering
subsidies under different transshipment modes and freight
prices. An evolutionary game theory model was developed
to identify equilibrium points of transshipment and non-
transshipment, as well as subsidy and non-subsidy strategies
adopted by the government and carriers under different sce-
narios. Taking a transportation job of CCNSC as an example,
freight prices provided by the carriers and subsidies offered
by the government under water-road and water-road-water
modes were analyzed. The results of these analyses can
provide strategic support for carriers and the government.
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