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CONTAINER TERMINAL BERTH-QUAY CRANE
CAPACITY PLANNING BASED ON MARKOYV CHAIN

ABSTRACT

This paper constructs a berth-quay crane capacity
planning model with the lowest average daily cost in
the container terminal, and analyzes the influence of the
number of berths and quay cranes on the terminal oper-
ation. The object of berth-quay crane capacity planning
is to optimize the number of berths and quay cranes to
maximize the benefits of the container terminal. A steady
state probability transfer model based on Markov chain
for container terminal is constructed by the historical
time series of the queuing process. The current minimum
time operation principle (MTOP) strategy is proposed
to correct the state transition probability of the Markov
chain due to the characteristics of the quay crane move-
ment to change the service capacity of a single berth. The
solution error is reduced from 7.03% to 0.65% compared
to the queuing theory without considering the quay crane
movement, which provides a basis for the accurate solu-
tion of the berth-quay crane capacity planning model.
The proposed berth-quay crane capacity planning model
is validated by two container terminal examples, and the
results show that the model can greatly guide the con-
tainer terminal berth-quay crane planning.

KEYWORDS

container terminal; capacity planning; quay crane
movement; Markov chain; queuing theory.

1. INTRODUCTION

Competition between container terminals is
getting more and more intense because of the glo-
balization of trade and the fact that the volume of
container traffic is growing. In order to maintain
competitiveness, the terminal must optimize equip-
ment capacity, thereby increase container terminal
throughput and shorten the berthing time of vessels

in the terminal. The configuration of berths and
quay cranes is one of the key factors affecting the
efficiency of the terminal. The shortage of berths
and quay cranes will increase the time of vessels in
terminal and affect the performance of the terminal.
However, due to the geographical conditions and fi-
nancial constraints of the terminal, the increase in
the number of berths and quay cranes will inevitably
require huge investment in the terminal. Therefore,
in the development plan of the container terminal,
it is important to determine the optimal number of
berths and quay cranes to balance the improvement
of terminal service efficiency and reduce the operat-
ing cost of the terminal.

Scholars have conducted extensive research on
terminal planning. Dragu et al. [1, 2] took the berth
idle cost and the minimum waiting cost of the vessel
as the objective function, and determined the opti-
mal number of berths by the queuing theory. Jurevic
et al. [3] used a linear programming model to de-
termine the minimum operating cost of the termi-
nal and the optimal terminal size. Garcia et al. [4]
discussed the application of Bayesian networks in
port capacity planning, and analyzed the container
terminal scenarios through a probabilistic graphical
model. Soriguera et al. [5] used queuing theory to
optimize the number of equipment in the terminal
and verified it by simulation. Zenzerovic et al. [6]
used queuing theory to determine the number of
berths and quay cranes combined at the lowest cost
for a given traffic volume. Djordje et al. [7] regard-
ed the terminal service process as a queuing system
for multi-service desks, and balanced the relation-
ship between the minimum waiting time of the ves-
sel and the utilization rate of the berth to plan the
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future of the terminal. Munisamy et al. [8] used the
closed queuing network approach to capacity plan-
ning of timber terminals. Li et al. [9] aimed at the
berth utilization rate and berth operating cost, and
optimized the number of berths at the quay through
the queuing theory. Zhang et al. [10] applied the
queuing theory to solve the optimal berth of the
Chongqing Cuntan Port.

The above scholars mainly consider the terminal
system as M / M / N queuing system and use queu-
ing theory to optimize terminal capacity planning
(except [3] and [4]). Berths and quay cranes are
considered as a whole in the queuing theory model
and the service time of a single berth is expected to
be fixed, so that the total operational capacity of the
terminal is positively correlated with the number of
vessels in the berth when the terminal system is not
saturated. The model based on queuing theory has a
large deviation from the actual situation due to the
fact that the change of the capacity of a single berth
caused by the quay crane allocation is not consid-
ered. However, the quay crane mobile operation
has been deeply studied by scholars in the terminal
equipment scheduling research [11, 12]. Juan et al.
[13] integrated the berth allocation and quay crane
allocation problem and proposed a mixed integer
programming (MIP) model to solve the problem.
Yavuz et al. [14] integrated the berth allocation,
quay crane allocation, and quay crane scheduling
problem, and proposed a mixed integer program-
ming model to solve the problem. Zheng et al. [15]
integrated the problem of berth allocation and quay
crane allocation and proposed an integer program-
ming (IP) model to solve the problem. Sun et al.
[16] proposed a mathematical formulation (Benders
decomposition-based framework) for solving quay
crane scheduling problems. Liu et al. [17] proposed
a convex mathematical programming (MP) model
for the quay crane assignment problem. Therefore,
the queuing theory method has been unable to make
accurate decisions for the capacity planning of con-
tainer terminals. The research status of terminal op-
eration is shown in Table 1.

Table 1 — Research status of terminal operation

In order to deal with the characteristics that the
number of vessels in the terminal is not linear with
the number of quay cranes in operation, this paper
proposes a Markov chain method for nonlinear
transfer. A Markov chain is a stochastic process de-
fined by a transition matrix. Hubl et al. [18] applied
the Markov chain to calculate the state probability
of M/M/1 queuing system that considers the flex-
ible capacity of production system. Liu et al. [19]
applied the Markov chain analysis queuing system
with working breakdown. Dhingra et al. [20] pro-
posed a cooperative quay crane-based stochastic
model, and applied Markov chain to estimate vessel
handling time. Ding et al. [21] proposed a Markov
chain based on container circulation model to ana-
lyze the relationship between container terminals.
Wood et al. [22] present a versatile model based on
Markov chain to estimate capacity requirements
along a patient pathway with delays to transfer and
discharge.

The transition probability of each state node in
the transition map is reasonably designed accord-
ing to the change of the number of free quay cranes
and free berths under different states of the termi-
nal. The model based on Markov chain considers
the factor of quay crane movement.

The following section describes the details of
the container terminal queuing process. Section 3
builds a collaborative capacity planning model for
berths and quay cranes with the objective of a mini-
mum daily average cost. Section 4 describes the cal-
culation method of the queue length of the terminal
system. Results of the case study are provided in
Section 5. Finally, the concluding remarks are pro-
vided in Section 6.

2. CONTAINER TERMINAL QUEUING
MECHANISM

The container terminal queuing mechanism is
shown in Figure 1. The quay crane between each berth
can move along the quayline. The vessel is queued
in the anchorage for a job in a single queue when
there are no free berths, otherwise it will immediately
berth and accept the loading and unloading service

Research phase Research purposes Solution qml;egrl:lrléomc(?j;::;t
Pre-planning Equipment capacity research Queuing theory No
Operation Equipment scheduling research MIP, IP, MP Yes
Development planning Equipment capacity research Queuing theory No
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Figure 1 — Schematic diagram of container terminal queuing mechanism

until it is completed. The service capacity of the berth
is determined by the number of berths. The movable
work of the quay crane between the berths makes the
service capacity of each berth not a fixed value. The
berth provides service space only for vessel opera-
tions, while the quay crane provides direct loading
and unloading services for vessels. Therefore, deter-
mining the number of quay crane operations and the
distribution of work time in each berth in the terminal
is the basis for studying the overall service capacity
of the terminal.

Consider the number of vessels in the terminal as
a set of discrete states. The number of vessels arriving
at the terminal in unit time has been approximated by
the scholars as a Poisson distribution [1, 2]. The op-
eration time of the quay crane has been approximated
by scholars as a negative exponential distribution [1,
2] or second-order erlang distribution [5]. It has the
Markov property when the quay crane operation time
is negatively exponentially distributed. Let N(f) de-
note the number of vessels in the terminal system at
time ¢. Obviously, M(?) is not a Markov process when
the quay crane operation time is second-order erlang
distribution. Therefore, the idea of stages is intro-
duced. X(7) is assumed to be the number of vessels
that are receiving the first stage of service at time ¢,
and Y(?) is the number of vessels that are receiving
the second stage of service at time ¢. The second-or-
der erlang distribution is transformed into a two-stage
negative exponential distribution of X(¢) and Y(%), so
that each stage has the Markov property. Obvious-
ly, {X(¥),Y(£)} is a two-dimensional Markov process
after introducing the supplementary variables X(?)
and Y(f). Therefore, a Markov chain can be used to
describe the queuing process after the vessel arrives,
where:

N(t)=X(t)+Y(¢t)

(1

3. BERTH-QUAY CRANE CAPACITY
PLANNING MODEL

The following assumptions are taken into con-
sideration to create the model:

1) The berths are discrete and the size of each berth
is the same;

2) Each vessel occupies only one berth;

3) Regardless of whether the berth is in working or
idle state, at least one quay crane is allocated in
the berth to ensure that the vessel can be served
immediately after berthing;

4) Each berth can accommodate up to 3 quay cranes
to work at the same time;

5) The quay crane cannot be crossed during the
moving process, and the service capacity of the
single quay crane is a fixed value.

The model parameters are defined in Tuble 2.

This paper proposes a MTOP strategy when ana-
lyzing the quay crane movement to change the berth
operation capacity. The MTOP strategy can be de-
scribed as follows: if it does not violate the assump-
tions 3-5, arrange as many quay cranes service ves-
sels as possible to reduce the vessel time in terminal.

Based on MTOP, the following segmentation
function is satisfied by the change in the overall op-
erational capacity of the terminal with the number
of vessels in the terminal.

aku k=|"= J

L= {a 1Jﬂ+(Q B)%(a-1)]u k= [ . J )
OQu-(B-k)u { B 1<k<B
Qu sz

The segmentation function is to more accurately
describe the state transition probability of the con-
tainer terminal in the Markov chain. The parameters
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Table 2 — Parameter definition

Parameter type

Symbol

Definition

Constants

Operating expenses of the vessel at the terminal

Daily fixed investment costs of a single berth

Daily fixed investment costs of a single quay crane

Average value of containers carried by each vessel

Number of anchorages

Cash annual interest rate

Expectation of the number of vessels arriving at the terminal each day

Number of vessels that can be completed by daily single quay crane

Number of vessels in terminal system

Additional cost incurred by the unit vessel at the anchorage anchor

The additional cost incurred by the unit vessel in time to drop the anchor

State variables

Daily operating costs of the terminal

h{ﬁ%msm > |~ ~

Average number of vessels in the terminal service system

=

The average value of the vessel waiting for the queue length in the terminal service system

~ |~

3

Average number of vessels waiting at the anchorage in the terminal service system

h

The average number of anchors that cannot be driven into the anchorage

oq

Average number of vessels receiving services in the terminal system ( P=0u

B)L)

v

Probability of no vessel when the terminal system in steady state

~

B

Probability of a vessel with the terminal system in steady state

~

3

The probability that a vessel is in a state when the terminal system is in steady state i

Number of berths

Decision variables

Q| =

Number of quay cranes

of the constructed Markov chain are more consis-
tent with the actual situation of the terminal, which
makes up for the shortcomings of the queuing theo-
ry that cannot describe the impact of the quay crane
moving operation on the efficiency of the terminal.

To facilitate the understanding of the nonlinear
Sfunction 2, a simple example is given. This example
has 5 berths and 12 quay cranes. When £ is 1, 2,
3,4,5, .., the value of y, is as follows in Tuble 3.
When £<3, the number of vessels is linearly related
to the number of quay cranes allocated. When k=4,
the fourth berth can only allocate 2 quay cranes, be-
cause the last quay crane is waiting for work on the
fifth berth. When £>5, all quay cranes are in work-
ing condition, and only one quay crane is allocated
for the fifth berth.

Table 3 — The relationship between the number of ships and
the service capacity of the terminal

k 1 2 3 4 5

A 3u 6u u 1u 12u 12u

The optimal plan for terminal berth-quay crane
capacity planning should be the number of berths
and quay cranes at the lowest total daily operating
cost of the terminal system under the requirements
of vessel loading and unloading operations. The to-
tal daily operating cost of the terminal system in-
cludes fixed terminal input costs and vessel operat-
ing costs. Berths and quay cranes are fixed inputs to
the terminal and can be equally distributed to daily
costs according to the service life. The vessel oper-
ating cost includes its own rent and the time value
of the cargo. The time value of the cargo is deter-
mined by the queue length of vessels in the termi-
nal. The queue length of the vessels is determined
by the state transition probability of each vessel at
the steady state. Therefore, the objective function of
the model is set to the lowest total cost of the entire
terminal system. Taking the number of berths and
the number of quay cranes as decision variables, the
queue length of the vessels at different berths and
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quay cranes is calculated to obtain the optimal num-
ber of berths and quay cranes when the total cost of
terminal operations is the lowest.

B+M 00
Let Ln= 2, pik, Le= D, pik.Then, the
k=B+1 k=B+M+1

berth-quay crane capacity planning problem can be
formulated as follows in Equation 3.

MinCyp = CyB+CqQ+(Cot 5=V )L+ EnLu+ EsLs  (3)
B-1

st: >, P.>06 4
n=0

B<Q<3B ®)

B,QeN (6)

This object function 3 minimizes the total operat-
ing costs of the terminal system, where C,B rep-
resents the daily fixed investment costs of berths,
CqQ represents the daily fixed investment costs of

quay cranes, CHr%V represents the operating
expenses and cargo backlog of a vessel at the termi-
nal for one day, £, L, indicates the additional cost
of the vessel at the anchorage, £ _L_ indicates the
additional cost incurred by the vessel not being able
to enter the terminal. Constrain 4 indicates that the
timely berthing rate is not less than 60%. Customer
satisfaction is affected by timely service rate; low
timely service rate will enable vessels to choose
other container terminals for berthing. Constrain 5
indicates the relationship between the number of
berths and the number of quay cranes. Constrain 6 in-
dicates that the number of berths and the number of
quay cranes must be positive integers.

4. CALCULATION OF QUEUE LENGTH

The Markov chain method and the queuing theo-
ry method are used to calculate the queue length of
vessels in the terminal system in this section. At the
same time, this section constructs a state transition
diagram of the vessel quantity when the quay crane
operation time obeys the negative exponential dis-
tribution and the second-order erlang distribution.
Finally, the three important index formulas L, L
and Lg are calculated by the cutting method.

4.1 Markov chain queue length calculations

When the quay crane service time is negatively
exponentially distributed, it has the Markov proper-
ty. Let # be the proportional coefficient of the quay
crane and the berth (y=Q/B). The coefficient #<3

can be obtained according to the Constraint 5. The ter-
minal needs to provide loading and unloading ser-
vices immediately once the vessel is berthed. Thus,
it is necessary to ensure that there is at least one
quay crane in each berth at any time (#>1). There-
fore, the range of 77 is 1< #< 3, and the Markov chain
state transition diagram is constructed according to
segmentation 2, as shown in Figure 2.

| | | iﬁij
" 2u° 3 Ju Ju
P A P A
Ou Oou ou ou

Figure 2 — Markov chain with negative exponential
distribution

In Figure 2: u'=3u indicates the maximum han-

-B
dling capacity of a single berth, j= [%}

rep-
resents the number of berths with the largest number
of quay cranes. State £(0<t<j) indicates that there
are k berths in the terminal system that are loading
and unloading at full load, and the remaining B-k
berths are idle. State k(j<k<B) indicates that there
are j berths in the terminal system that are handling
operations at full load, and the remaining k- berths
are in non-full load handling operations, and B-k
berths are in idle state. State k(k>B) means that all
berths and quay cranes in the terminal system are
handling, and the k-B vessel is in the wait state.

The following state transition equations of the
Markov chain at steady state are obtained by the
cutting method.

State 0:
APy= " P, SO Py = 2“ Po;
State1:
. A2
AP =24 P>, SO P, = WPO;

State 2:

i AN p.
AP =ji" Pj, SO ijmpo,

State j:
Aj+l

Po;
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State B-1:

B

APs-1 = QUPs, SO Pg= . AQ Po;
ﬂﬂ’( [1 kﬂ)
k=3j+1
State B:
B+1
APg = QUPp+1, SO Pp+1 = Ab Po;
j!ﬂ’“"( [1 kﬂ)Qﬂ
k=3j+1

According to regularity conditions i Pe=1:
k=0

J Ak B /'Lk
2 Rt X g Pt
k=0 "* k=j+l . .
Ju (_H w)
N Ak i=3j+1 (7)
+k:ZB:H o kBPo=1
jl#’(_gliﬂ>(Qﬂ)'
i=3j+
SO:
_ 1
= A1 +Ax+ A3 (8)
where:
B J A,k 3 B /lk
j!u’( [1 iﬂ)
i=3j+1
o Ak
Az = Z 0

e ﬂﬂ"”( [1 i,u)(Q,U)k'B
i=3j+1
According to the state probability distribution
obtained by the above state transition equation, the
length parameters of the queue are calculated as fol-
lows (X is a sufficiently large integer in Equations 9
and 10):

_ z KA/ i T
L P B Y AT
ﬂﬂ"( I1 i,u)
i=3j+1 .
& k
+ Z kA P, (

Y
e j!ﬂ*’(A [1 iﬂ)(Qﬂ)“

X k
Ly= Z lel Py
e j!ﬂ*j<_ Il iﬂ)(Qﬂ)k'B (10)
i=3j+
3 B+M kﬂ,k
b= 2 o (11)
J!ﬂf(_lj_]zﬂ)@ﬂ)
i=3j+
Le=Ly-Ln (12)

When the quay crane service time is in the sec-
ond-order erlang distribution, the quay crane service
time is divided into two stages through the staged
idea in Equation 1, and the two-dimensional Markov
chain state transition diagram is constructed accord-
ing to segmentation Function 2, as shown in Figure 3.

In Figure 3: B is the number of berths, O is
the number of quay cranes, x* indicates the
maximum handling capacity of a single berth
=) - 252

In Figure 3, state 0 represents no vessel in the ter-
minal system; state ki(0<k<B, i=1,2) indicates that
there are & berths in the terminal system that are car-
rying out the loading and unloading operation of the
i-stage, and the remaining B-k berths are in the idle
state; state ki(B<k<B+M, i=1,2) indicates that there
are B berths in the terminal system that are carry-
ing out the loading and unloading operation of the
i-stage, and the remaining k-B vessels are waiting
at the anchorage; state ki(B+M<k, i=1,2) indicates
that there are B berths in the terminal system that are
carrying out the loading and unloading operation of
the i-th stage, M vessels are waiting at the anchor-
age, and the remaining k-(B+M) vessels are waiting
outside the terminal system.

The state transition equations of the Markov
chain at steady state are obtained by the cutting
method.

State 0:
APy = 24" Pa, APo+ APy = 24" P, Py = Pii+ Pi;

Figure 3 — Markov chain in second-order erlang distribution
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State1:
APy + AP = 4/,I*P22, AP+ APy = 4,u,*P2|, Py = Py + Pr;

State j:

APji+APp = (2ji" + )P,

AP+ AP = (21" + 1) Py,
Pivi=Pjrn+ P

State j+1:

APy + APGenn = (24" + 20 ) Raan,
ARG+ AP jian = (2" + 204 Py,
Pjea =P+ P

State 5:

APg1 + APp = 20UP 5+ 1),
APpi+ APB+1)2 = 20UPB+1)1,
Pgi1=Pr+1)1+ P+1);

State B+ 1:

AP+ + AP s+1)2 = 20UPB+2),
AP+ + AP 22 = 2QUP5+2)1,
Pgi2 = PB+2)1 + P+2);

According to the regularity condition

w2
> > Pu=1(p<1), the approximate solutions
k=0i=1
of the queue length parameters are calculated as
follows (X is a sufficiently large integer in Equations
13-15):

X
L= k(Pu+Pp) (13)
k=0
X
Ly= 2. k(Pa+Pe) (14)
k=B+1
B+M X
= > KPa+Pe)+ D, M(Pa+Pe) (15)
k=B+1 k=B+M+1
Le=Lg-Ln (16)

4.2 Queuing theory queue length
calculation

The service desk in the queuing theory is decon-
structed into two parts: berth and quay crane. Tak-
ing the number of berths and the number of quay
cranes as decision variables, the relationship be-
tween the two and the queue length of the vessel is
established.

When the quay crane service time is negative-
ly exponentially distributed (p<1 and the system
reaches steady state), the state probability of & ves-
sels in the terminal system is:

k

T

Pr= t
BIBFE " F=

0<k=<B

(17

According to the regularity condition . Pi-1:

k=0
& (p) (p)f !
p=| Y —l_lp (18)

k=0

According to the above state probability distri-

bution, the parameters of queue length are calculat-
ed as follows:

BA

L=Ly+ o (19)
B+1

quLpZPO (20)
Ba(1-5)
B+M

L= z kPk (21)
k=B+1

Le=Lg-Ln (22)

When the quay crane service time is in the sec-
ond-order erlang distribution (p<1 and the system
reaches steady state), the probability of each state of
the random service system is:

. <B_A> <B_7L>B ]
Jelou)  \ou
Py Z(:) i +B!(1-p) (23)
o)
lf,l Py 1<k<B-1
e ; (24)
Aai.sPs1+ A Y be-wPn k=B
m=B
In Equation 24:
o (20m oury
an:f 1+( ) [1+2%ﬂt}( 5! ) e Ao gy (25)
(n>0)
— [+ 20u 2L o0y (5= ) (26)

0
According to the above state probability distri-
bution, the parameters of queue length are calculat-
ed as follows:

L= Lq+g—//}l 27)
( A)B 20ur Qﬂt 3p (28)
L= )2Po[<1 p)Qﬂf o1+ ]
B+M
R n:B;MHMP" (29)
X
Lg:nngﬂ(n_B'M)Rl (30)
273
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5. CASE STUDY

5.1 Model solving

Taking the two terminals (A and B) as examples,
the queuing system of the terminal is analyzed by us-
ing the Markov chain proposed in this paper and the
queuing theory of the existing literature. The number
of vessels arriving at the two terminals is counted by
the historical schedule of the terminal. 7uble 4 lists the
daily vessel arrivals for terminal A in 2018.

A fitting analysis of the statistical data in Table 4
was performed by a one-sample K-S test, which
proved that the number of vessels arriving at the

terminal per day of 7Tuble 4 obeys the Poisson dis-
tribution with a 4 of 9.25. Using the same meth-
od, the daily vessel arrival rate is shown in 7able 5.
Table 6 lists the main information of terminals A
and B, including the number of berths, the number
of quay cranes, the distribution of quay crane op-
eration time, and the berth service rate.

The Markov chain method proposed in this pa-
per and the queuing theory method of the existing
literature are used respectively, and the solution
values are compared with the actual situation of
the terminal. The queue length L of the two ter-
minals will be calculated and compared with the

Table 4 — Daily vessel arrivals for Terminal A in 2018 [vessel/day]

Date Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1 2 1 9 4 10 7 8 8 17 8 9 7
2 10 5 5 10 8 15 9 6 8 11 9 10
3 8 5 8 5 6 10 12 11 9 11 12
4 9 11 8 8 6 12 14 11 12 17 10 10
5 6 7 8 8 11 7 7 6
6 10 6 6 11 8 8 13 11 13 9 9
7 9 12 10 7 9 13 11 19 18 14 13
8 6 9 7 11 17 12 15 7 10 7 11
9 4 7 8 5 8 11 10 8 8 7 12 16
10 12 8 3 9 7 11 10 8 16 9 17 9
11 6 6 9 12 9 8 7 10 15 12 6 16
12 5 3 15 13 10 11 15 8 11 7 11 8
13 10 4 3 8 7 6 8 12 14 15 7
14 3 9 7 5 11 11 11 11 8 11
15 9 11 9 9 6 3 11 16 11 3 10 4
16 8 5 13 5 5 11 15 9 8 2 14 1
17 7 9 4 9 12 9 13 7 9 11 9 2
18 13 4 10 6 9 10 10 15 12 11 9 6
19 11 7 10 10 14 7 10 7 16 11 13 14
20 10 5 8 7 11 10 9 12 14 10 9 3
21 8 6 11 10 10 11 10 7 10 14 10 8
22 12 9 9 13 13 13 18 17 12 9 1
23 8 7 7 9 8 11 10 9 12 11 5
24 8 10 6 10 10 11 9 8 11 10 13 7
25 7 10 11 7 7 8 8 10 12 7 10 3
26 8 12 6 9 16 11 13 15 11 10 7 8
27 8 10 7 8 8 9 7 12 7 4
28 7 6 7 10 10 16 8 10 9 8
29 4 - 13 11 10 6 18 8 19 14 3
30 6 - 10 12 7 10 10 11 9 9 14 9
31 6 - 10 - 16 - 11 7 - 11 - 13
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Table 5 — Historical arrival rate of two terminals

. Vessel arrival rate [vessel/day]
Terminal
2013 | 2014 | 2015 | 2016 | 2017 | 2018
Terminal A | 7.82 | 6.78 | 8.11 | 7.74 | 8.15 | 9.25
Terminal B | 12.41 | 10.32 | 13.54 | 12.31 | 14.30 | 15.57

actual queue length L, of the terminal system.
The obtained GAP is shown in Figure 4, where

|L-L|
GAP =7

In Figure 4[1, the GAP based on the Markov chain
is between 0.12% and 1.42%, and the GAP based on
the queuing theory is between 0.95% and 11.60%.
Obviously, the Markov chain-based model is closer
to the real terminal system. The GAP between the
queue length value calculated by the Markov chain
and the real queue length value is small and stable.
The results can be corrected according to the aver-
age annual GAP (Equation 31), so that the model is
more in line with the real situation of the terminal

5=2013

system.

In the Equation 31, L_indicates the calculated val-
ue of the s-year queue length, L? indicates the actu-
al value of the s-year queue length, Ly indicates the
calculated value for the next y year, Ly* indicates the
queue length of the revised y year.

2018
> 1-Ly/LE
Ly=\1+

Table 6 — The information of the two terminals

The difference between the two calculation
methods is analyzed from the operation mechanism
of the terminal. Since the queuing theory method
does not consider the quay crane movement, it can
be understood that the quay crane is evenly allocat-
ed to the berths in the terminal system. However, the
Markov chain method is based on the MTOP strat-
egy for quay crane allocation. The number of the
quay crane allocation on each berth is determined
by the number of ships in the terminal system. The
expected relationship between the number of ves-
sels in the terminal and the number of quay cranes
in the operation is shown in Figure 5. The probability
distribution of each state of the terminal at steady
state is shown in Figure 6.

The Markov chain considering the quay crane
movement has more quay cranes to participate in
the operation when the terminal is not fully load-
ed. The extreme points of the difference in termi-
nal service capacity calculated by the two calcula-
tion methods are affected by the number of berths
B and quay cranes Q. The formula for the number
of vessels corresponding to the extreme points is
T=|(0-B)|2, and the difference in the service
capacity of the terminals for the two models of op-
eration is ((3-Q/B)| Q- B|u)/2. The terminal ser-
vice capacity difference extreme points are T, and
T, points in Figure 5 respectively. The difference
between the Markov chain and the queuing theory

. Number Quay crane operation time .
T 1 f L 1
ermina of berths Number of quay cranes distribution Service rate [vessel/day]
Terminal A 4 11 Second-order Erlang distribution 1.33
Terminal B 5 13 Negative exponential distribution 1.60
8r 14r
- 12r -
o o 10F [ ]
S = [ ]
= =
< 4r < -
@) @) 6F
2k ar
L 2 -
ol | M olom | N [ BE |
2013 2014 2015 2016 2017 2018 2013 2014 2015 2016 2017 2018
Year Year

a) Terminal A
I Markov chain

b) Terminal B
[ 1 Queuing theory

Figure 4 — GAP between the two models and actual values
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formula is the largest when the number of vessels
in terminals A and B is 3 and 4 respectively. The
trend line of the number of quay cranes in working
is a straight line when the queue theory method is
used for calculation. However, the trend line of the
number of quay cranes in working is polyline when
the Markov chain method is used for calculation.
The accuracy of the parameters obtained by the
Markov chain calculation formula based on the
MTOP strategy is proved. The future berth-quay
crane capacity planning of the terminal needs to
obtain the number of vessels arriving in the future.
According to the historical vessel arrivals and the
arrival time characteristics of the vessel in the past

Table 7 — Vessel arrival forecast [vessel/day]

Terminal 2019 2020 2021 2022
name

Terminal A |  9.06 9.37 9.69 10.00

Terminal B | 15.73 16.48 17.24 18.00

6 years, the time series method is used to predict the
daily vessel arrival forecast for the next 4 years [23],
as shown in Table 7.

Combined with the survey, the average cost per

day generated by the two terminals is approximated
as follows:
C =32 ten thousand yuan/vessel, V=57,600 ten
thousand yuan/vessel, i=15%, C,=6.1 ten thousand
yuan/day, Cq=1.1 ten thousand yuan/day, E,=0.3
ten thousand yuan/day - vessel, Eg=0.5 ten thousand
yuan/day - vessel, the number of anchors at terminal
A is 2 (M=2), the number of anchors at terminal B
is 4 (M=4).

The above data is used as the origin data of the
berth-quay crane capacity planning model. Using
Matlab 2018a as the programming platform, run-
ning on a PC(Intel(R) Core (TM) i5-8265U CPU
@ 1.6GHz(8CPUs), ~1.8GHz), the running time
is within 1 second. The Markov chain modified by
the MTOP strategy and queuing theory are used to
calculate the model, obtain the optimal number of
berths and quay cranes, and the average daily cost
of the terminal in the next four years, as shown
in Tables 8 and 9, where B” is the optimal number
of berths and Q" is the optimal number of quay
cranes.

From Tables 8 and 9, the Markov chain and the
queuing theory are used to solve the berth-quay
crane capacity planning model respectively, and the
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Table 8 — Terminal A capacity planning

2019 2020 2021 2022
Group
% % * * % % * *
B* | 0 C, B* | 0 C, B* | 0 C, B* | 0 C,
Queuing theory 5 14 184.55 5 14 189.91 5 14 195.58 5 14 201.23
Markov chain 5 14 176.44 6 17 187.1 6 17 191.81 6 17 196.41
Difference 0| o 8.11 1 3 2.81 1 3 3.77 1 3 4.82
between the two
Table 9 — Terminal B capacity planning
2019 2020 2021 2022
Group
* * * * * * * *
B* | 0 C, B* | 0 C, B* | 0 C, B* | 0 C,
Queuing theory 5 14 303.55 5 14 33541 5 14 376.77 5 14 432.21
Markov chain 6 15 272.20 6 15 292.10 6 16 292.45 6 17 296.99
Difference 1 1 -31.35 1 1 4331 1 2 | -84.32 1 3| -135.22
between the two

obtained B" and Q" are different. The Markov chain
model can solve the lower cost, so it can provide
more accurate auxiliary data support for the deci-
sion of the number of berths and quay cranes, and
has a stronger guiding significance for the terminal
capacity planning.

According to Tables 8 and 9, the Markov chain
method is better than the queuing theory meth-
od, so the Markov chain method is used to solve
the capacity planning model. 7ables 10 and 11 show
the daily cost comparison between terminal A and
terminal B before and after planning. Obviously,
the daily cost after terminal capacity planning has
been reduced, especially for terminal B. The cost

difference before and after planning is an import-
ant factor that affects whether the terminal imple-
ments capacity planning.

The terminal operation indicators mainly in-
clude two aspects: the first is the queue length of the
ship that has arrived at the port waiting for service
(Queue length of waiting); the second is the pro-
portion of the number of ships that can start service
immediately after arriving at the port to the total
number of arriving ships (timely service rate). The
optimal solutions B* and Q" obtained by the Mar-
kov chain method and the queuing theory method
are taken as the original parameters respective-
ly. The Markov chain is used to obtain the future

Table 10 — Comparison before and after planning based on Markov chain (terminal A)

2019 2020 2021 2022
Group
B (0] Cp B (0] Cp B (0] Cp B (0] Cp
Before planning 4 11 191.94 4 11 200.43 4 11 209.98 4 11 220.17
After planning 5 14 176.44 6 17 187.1 6 17 191.81 6 17 196.41
Difference 1| 3 -15.5 2 | 6 | <1333 | 2 | 6 | 1817 | 2 | 6 | -23.76
between the two
Table 11 — Comparison before and after planning based on Markov chain (terminal B)
2019 2020 2021 2022
Group
B (0] Cp B (0] Cp B (0] Cp B (0] Cp
Before planning 13 359.28 13 386.60 13 419.63 13 511.20
After planning 6 15 272.20 6 15 292.10 6 16 292.45 6 17 296.99
Difference 1| 2 | 8708 | 1 2 -94.5 1 30| -127.18 | 1 4 | 21421
between the two
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the queue length of the terminal system when the
container freight volume continues to increase, and
ensure that the terminal system has sufficient equip-
ment to complete the loading and unloading tasks of
the vessel at a lower cost. In Figure 7b, the results ob-
tained by the Markov chain method can always en-
sure that the timely service rate of the vessel during
the terminal operation is above 85%, which is com-
pliance with the constraints. Therefore, compared
with the traditional queuing theory method, using
the Markov chain to plan the number of berths and
quay cranes can not only make the terminal operat-
ing costs lower, but also enable the vessel to have a
higher timely service rate at the terminal.

5.2 Sensitivity analysis

Further exploration the influence of different
parameters on the difference between the Markov
chain method and the queuing theory method was
carried out. The sensitivity of the two different
methods to the different parameters of the terminal
is simulated by changing the daily average vessel
arrival quantity A, the berth quantity B and the quay
crane quantity Q. The value range of each parameter
is shown in Table 12.

The timely service rate is extremely important
in the customer satisfaction index of the terminal
service system, which determines whether the con-
tainer vessel has a delay during the vessel's period.
In this paper, the values of each factor in Tuble 12

are within the range of values, and the remaining
parameters are consistent with the original param-
eters of 2018. Exploring the impact of three factors
on the timely service rate under the two calculation
methods, the solution results are shown in Figure 8.
The results of the timely service rate are quite
different when the number of berths is large and the
number of quay cranes is small. The reason is that
the increasing the number of berths B and decreas-
ing the number of quay cranes Q will increase the
service capacity difference value formula which is

-B
(3 - %)% M. This shows that for the terminal

with a lower quay crane-berth proportional coeffi-
cient 5, using the queuing theory method to evaluate
the operation of the terminal will produce a large
error, while for the higher #, the error is smaller.
The vessel length difference is a representation of
the difference in the internal mechanism of the two
calculation methods. The difference between the
two methods is shown in Figure 9.

Figure 9 further proves the difference between
the number of berths and quay cranes for the two
calculation methods. It can be seen in Figure 9c that
the difference between the two calculation methods
will be close to 0 when the proportional coefficient
n approaches 3. The reason is that the quay crane
does not need to move between the berths during
the terminal operation when the proportional coeffi-
cient 77 approaches 3.
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6. CONCLUSION

This paper uses the quay crane as a service entity
and the berth provides only the service station func-
tion. A berth-quay crane capacity planning model
with the lowest average daily operating cost of the
terminal system is constructed, to guide the berth-
quay crane capacity planning. The parameters of the
nonlinear state transition probability Markov chain
planning model based on the MTOP strategy are de-
signed to make the model more in line with the actu-
al working mechanism of the terminal. Considering
the universality of the berth-quay crane model, the
terminal system queuing model of the nonlinearly
transferred Markov chain is established with two
typical quay crane service time distributions.

The proposed model in this paper is more com-
petitive than the queuing theory model that does
not consider the quay crane movement. The MTOP
strategy corrects the transition probability of the
Markov chain to simulate the terminal queuing sys-
tem more accurately, compared with the existing
queuing theory model. The average solution error is
reduced from 7.03% to 0.65%, which improves the
accuracy of the solution. At the same time, a queue
length correction formula is designed to further im-
prove the accuracy of the proposed method. This ar-
ticle provides a theoretical method for whether and
how to plan berth-quay crane capacity for terminal
managers.
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