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Abstract: Truck scheduling and storage allocation, as two separate subproblems in port operations, have

been deeply studied in past decades. However, from the operational point of view, they are highly interde-

pendent. Storage allocation for import containers has to balance the travel time and queuing time of each

container in yard. This paper proposed an integer programming model handling these two problems as a

whole. The objective of this model is to reduce congestion and waiting time of container trucks in the termi-

nal so as to decrease the makespan of discharging containers. Due to the inherent complexity of the prob-

lem, a genetic algorithm and a greedy heuristic algorithm are designed to attain near optimal solutions. It

shows that the heuristic algorithm can achieve the optimal solution for small-scale problems. The solutions

of small- and large-scale problems obtained from the heuristic algorithm are better than those from the ge-

netic algorithm.
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Introduction

Seaport container terminals play an important role in
modern logistics as a hub of maritime transportation.
The competitiveness of a terminal is primarily re-
flected by its efficiency of transshipment because of
that the charges paid by a ship depend on the turn-
around time and the number of containers loaded and
unloaded at a terminal. The number of containers cor-
responding to the terminal is specified by the ship
company and is fixed, thus the turnaround time be-
comes a critical factor affecting the costs of ship com-
panies for transshipments. As can be seen in Fig. 1,
container terminal is generally operated with three
types of equipments, namely quay cranes, yard trucks
as well as yard cranes.
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Fig. 1 Container Terminal System!"

Operational problems in container terminals have

been divided into several subproblems, such as berth

2l stowage planning™, quay crane schedul-

ing[4], yard truck scheduling, yard crane scheduling[sl,
and storage allocation!®. Stahlbock and VoB!"! updated

recent work published after the comprehensive litera-

allocation

ture review presented by Steenken et al.lll

Bish™®™'” focused on the truck scheduling and stor-
age allocation problem but did not consider the travel
time and waiting time of trucks explicitly. In practice,
during peak hours, trucks need to wait for an idle yard
crane to unload the containers from them, after which
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they can proceed to new jobs. Note that the resulting
waiting time can be much longer than the truck travel
time.

Murty et al!"! considered scheduling container
trucks and allocating storage space to arriving contain-
ers. The number of waiting trucks at yard blocks is
monitored and storage location for discharging con-
tainers is allocated to storage places which have fewer
waiting trucks.

Ng et al.l'"? addressed the problem of scheduling a
fleet of trucks to perform a set of transportation jobs
with sequence-dependent processing time and different
ready time. However, the waiting time at yard blocks
were not taken into account.

In this paper, an integer programming model is built
for container truck scheduling and storage allocation of
discharging containers. The integer programming model
is proposed to formulate in the next section. The wait-
ing time at quay side is considered through different
ready time of containers transported by trucks while
the waiting time at yard side are formulated explicitly
in the model. The objective of this paper is to minimize
the makespan of discharging import containers. Due to
the NP-hardness of the problem, a genetic algorithm
and a greedy heuristic are proposed in respective sec-
tions. Small- and large-scale instances are adopted to
examine the performance of the proposed solution
algorithms.

1 Model Formulation

In general, once a vessel has anchored at the assigned
berth, outgoing containers will be discharged before
incoming containers can be loaded. A number of quay
cranes will need to be assigned for such unloading and
loading. Meanwhile, a fleet of trucks will be engaged
to transport containers between the vessel and storage
yard blocks. Yard blocks can be partitioned on the ba-
sis of vessel to temporarily store the discharged con-
tainers. In this research, only discharging process is
considered while the loading process can be modeled
in a similar way.

Let n denote the number of containers to be dis-
charged from the ship, m be the number of yard blocks
partitioned for this ship as storage space, and s be the
number of trucks assigned to finish the discharging
jobs for this ship. Discharging plan for each quay crane
is predetermined by the terminal operator, so that each

container i (i = 1, 2, ..., n) has their own ready time, r;,
for transportation which is defined as the moment at
which the container is ready to be picked up by a truck.
The travel time from the ship to yard block /(/=1,
2, ...,m)is A,. And the processing time for unloading
a container from the truck at all yard blocks is identical
and equal to J. Container i (i =1, 2, ..., n) may have to
wait for the assigned truck for its shipment, so the ac-
tual transportation begins at ¢, : if the assigned truck is

idle at r,, t, =r; otherwise, the container needs to

wait until the assigned truck becomes idle. Every con-
tainer is assigned to a storage yard block, and let d,

denote the travel time of container i (i =1, 2, ..., n). A
truck picks up container i at ¢, and arrived at its

storage yard block at (7, +d.). Let 7, be the moment

at which container i is unloaded from the truck: if at
(t, +d,) one or more yard cranes at this yard block

are idle, 7. =1, +d,; otherwise, the truck with con-
tainer needs to wait until there is an idle yard crane. If
the container is unloaded at 7,, the truck transporting
it will return to the ship and be ready for picking up a
new container at (7, +d,), and the yard block will
have one or more idle yard cranes after time (7, + ).
Let C, be the completion time of discharging con-
tainer i, i.e., C, =7 +6.
The following notations are also used in the model
formulation.
U, =1,iftruck k(k=1, 2, ..., s) is assigned to
transport containeri (i =1, 2, ..., n);
=0, otherwise.
=1, if container i (i =1, 2, ..., n) is allocated
toyard block /[ (/=1, 2, ..., m);
= (, otherwise.
Xy =1,iftruck k (k=1, 2,
tainer j after container i (i, j=1, 2, ..., n, i#
E
= (), otherwise.

=

..., §) processes con-

Y, =1, if container i (i =1, 2, ..., n) is stacked
in yard block / (/=1, 2, ..., m) immediately
before containerj (i, j =1, 2, ..., n, i7j);
= (0, otherwise.

K = A large positive number.

The truck scheduling and storage allocation problem

for discharging containers can be formulated as
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follows:
Min max G, (1)
s.t. C=t+65, i=1,2,...,n 2)
di:ZV"]ll’ i=1,2,...,n (3)
I=1

t=2r, i=1,2,...,n ©)
L>t+d, i=1,2,..,n %)

L+d, <K-(1-Y,)+t,+d,,
Lj=L2,..,n, izj, I=1,2,...m (6)

L+ O<K-(-T,) 4,
Lji=1L2,...,n, i#j, [=1,2,....m @)

P —d, <K-(1-X,)+1,,
Lj=1,2,...,n, i#j, k=12,...,s 8)

DU, =1, i=12,....n ©9)
k=1
V,=1, i=1,2,...,n (10)
=1
kagUika l&J_1:25 ,n, i¢j3
k=1,2,....s (11)
Xp<U,, i,j=12,..,n, i#j,
k=12,...,5 (12)
X, +X. <I,

Jik Y

Lj=12..,n, i%j, k=1,2,...s  (13)

ijk

Xi/'/c+X/'i/c >Ui/c+U/'/c_1’
i j=12..,n, i%zj, k=12....s (14
Y, <V,
Lj=12,...,n, i#j, [=1,2,...,m (15)
Yy <V
ij=12..,n, i%zj, [=12,...m  (16)
Y,+Y, <l,

il
Lj=12,..,n, i#j, [=1,2,...m  (17)
Xj/"'yﬁl>Vﬂ+le_1’

i j=12..,n, i#zj, 1=1,2,...m (18)

Uis Vis Xyes Y[ﬂE{O,l},
Lj=12,...,n, I=1,2,....m,
k:1527"'9s (19)

C, d, t, e, i=1,2,...,n (20)
Equation (1) represents the objective function of the

truck scheduling and storage allocation problem that is
to minimize the makespan of the » discharging con-

tainers. Constraints (2) represent the calculation of

completion time of each job. Constraints (3) represent
the computation of travel time of each container. The
travel time of a container is equal to the travel time
from the ship to the allocated storage yard block of the
container. Constraints (4) ensure that containers can be
transported only after their ready time, and constraints
(5) ensure that containers can be unloaded by yard
cranes only after they arrive at yard blocks. If con-
tainer i arrives at yard block [/ before container j,

constraints (6) force Y, =1, and constraints (7) give

the first-come-first-serve rule at yard blocks. Con-
straints (8) state that a truck can transport a new con-
tainer until it finishes its preceding containers and re-
turns to the ship. Constraints (9) and (10) ensure that
each container is allocated to only one yard block and
transported by only one truck. Constraints (11) give
that U, =1 if truck k processes a container after

1

container i, and constraints (12) give that U, =1 if

truck & processes a container before container i .
Constraints (13) and (14) ensure that truck & proc-
esses either container i before container j or con-
tainer j before container i, if both job i and job
J are assigned to truck £, ie., U, +U, =2. Con-
straints (15) give that V, =1 if yard block / proc-

esses a container after container i, and constraints (16)
give that V,_, if yard block / processes a container

before container i. Constraints (17) and (18) ensure
that yard block [/ processes either container i before
container j or container j before container i, if
both container i and container ;j are allocated to

yard block [/, ie., V,+V, =2. Constraints (19) and

(20) give the range of all decision variables.

It is not likely to get the optimal solution for real-
scale problems in real life with the spending of reason-
able computational time and cost; therefore, a heuristic
algorithm is designed in the next section for problem
solution.

2 Genetic Algorithm

The genetic algorithm (GA), developed by Holland!"*,
is one of the nature-inspired meta-heuristics used for
handling combinatorial problems. The usual form of
GA has been reported by Goldberg!'*. GA is a stochas-
tic search technique based on the mechanism of natural
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selection and natural genetics. GA starts with a set of
random solutions called population. Each individual,
named chromosome is represented by a string. The
chromosomes evolve through successive iterations,
called generations. When generating offspring genetic
operations, crossover, and mutation, are adopted on
random selected chromosomes. And new generation is
selected based on Darwinian evolution by evaluating
the fitness. Individuals with better performances will
have more probability to be chosen. GA has been re-
fined by numerous researchers, and it is one of the
popular meta-heuristic algorithms for solving facility

scheduling and operation problems
12]

in container
terminals!

2.1 Representation

In this paper, a chromosome includes two parts: the
first (n+s—1) holds represent the truck schedule and

the following (n+m—1) holds represent the storage

allocation. The positive holds represent the containers,
and without losing of generality, the index of contain-
ers are ranked by the ready time of containers, i.e.,
rn<r, (i=L2,...,n—1). The negative holds in the
chromosome represent (s—1) trucks and (m—1)
yard blocks. Containers in the chromosome before a
negative hold are assigned to the corresponding
truck/yard block. Other containers without any nega-
tive hold followed are assigned to truck s or yard
block m .

2.2 Initialization

The genetic algorithm starts with a group of initial in-
dividuals as the first generation. To simplify the gen-
eration of initial individuals, a set of randomly gener-
ated schedule and allocation plan is used as the first
generation. In the initialization, two parts of a chromo-
some are generated independently. In the first part,
positive number 1, 2,..., n, and negative number -1,
-2,...,—(s—1) are randomly permuted while in the
second part, positive number 1,2,...,n, and negative
number —1,-2,...,—(m—1) are randomly permuted.

2.3 Fitness evaluation and selection

After given a feasible solution represented by a chro-
mosome, the completion time of each job can be

calculated, and the corresponding makespan for this
solution can be determined as the maximum comple-
tion time of all containers.

By ranking the containers assigned for each truck in
increasing order, the schedule of each truck can be
achieved. The second part of the chromosome gives
the storage allocation of each container, and the travel
time of each container can be calculated. The mini-
mum makespan can then be calculated. The evaluation
of this chromosome is given by

evale—— 1)
max C,
i=1,2,...,n

In this paper, a roulette wheel approach is adopted as
the selection procedure. It belongs to the fitness-
proportional selection and can select a new population
with respect to the probability distribution based on

fitness values'™.

2.4 Crossover

Generally, the above mentioned chromosome represen-
tation will yield illegal offspring by one-point, two-
point or multi-point crossover in the sense of that some
holds may be missed while some holds may be dupli-
cated in the offspring. Therefore, this paper adopts ‘or-
der crossover’™ for one of the two parts of the chro-
mosome, in which repairing procedure is embedded to
resolve the illegitimacy of offspring, as is shown in
Fig. 2.
Selected substring

i
parent1 | 1] 4f-1] 2] 3] s|1]|s|2|2]4]-1]3]

Y

Offspring 1 | 1] 3[-1
parent2 | 1| 2| 3[4 s]i]2]a] 5] a|2] 3]
parent1 | 1] 4|-t] 2| 3| s|1]s|2]2]4a]-1]3]

\i \
ofispring2 | 1| 4| 3]-1] 2] s[ 1] s[2] 2] 4[] 3]
A A

2f o] s[ifs]2f2f4]1]5]

Parent2|1|2 3_1|4|5|1|2|_1|5|4| |3|
A
Selected substring

Fig. 2 An illustration of the ordered crossover
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2.5 Mutation

Mutation forces the GA searching new areas. It also
helps the GA avoid premature convergence and find
the global optimal solution. In general, in the mutation
all individuals in the population are checked bit by bit
and the bit values are randomly reversed according to a
pre-specified rate. However, in this paper the mutation
selects chromosomes randomly in terms of the prob-
ability of mutation and chooses two positions in the
same part of the selected chromosome at random then
swaps the holds on these positions.

3 Proposed Heuristic Algorithm

GA is a meta-heuristic method in dealing with general
combinatorial optimization problems. However, the
performance of GA is dependent on the problem struc-
ture, choosing of population size, chromosome coding,
and choosing of genetic operators. Heuristic algorithm
is problem specialized, which can be used to solve
specific problems with some simple rules. In this sec-
tion, a greedy heuristic algorithm is designed for solv-
ing the truck scheduling and storage allocation
problem.

The basic concept of this greedy heuristic algorithm
is to assign a container to the truck that can transport it
earliest and allocate storage yard block to the container
which can unloaded the container earliest. Containers
are assigned to trucks and allocated to yard blocks in
the order of ready time. This algorithm can be ap-
proach the makespan of #n containers by the follow-
ing steps in n iterations:

Step 1: Set the idle time of trucks t idle, =0
(k=12,...,5), the idle of yard blocks
y idle, =0 (/=1,2,...,m),and i=1;

Step 2: Compare the idle times of all trucks, and as-
sign the one with minimum idle time, denoted k™", to

time

transport container i.Update ¢ =max{t idle i WA
Step 3: Compare the max{t, + 4,,y idle,} for all
yard blocks, and denote /™" as the yard block with the
minimum value. Allocate container i to yard block
[™. Update 7, =max{t, + An» y_idle,,,.}, tidle,, =

L+, y_idle .., =f+d,and C =7 +6,

Step 4: Go to Step 5, if i =n; otherwise let i=i+1,
and go to Step 2;

Step 5: The makespan of n containers is equal to
max C,.

i=1,2,...,n

4 Computational Experiments

In this section, small-scale examples are given to com-
pare the performances of GA and greedy heuristic al-
gorithm to the optimal solution computed by CPLEX.
Because of the difficulty of CPLEX in handling large-
scale problems, the comparisons for large-scale in-
stances are only undertaken between GA and the pro-
posed heuristic algorithm.

4.1 Small-scale examples

Ten small-scale randomly generated examples with 5
containers transported by 2 trucks to 3 yard blocks are
adopted in the computational experiments. The ready
time of containers is uniformly distributed in [0, 500],
and the travel time of yard blocks are uniformly dis-
tributed in [120, 600]. The processing time at yard
block is set at 99.

From Fig. 3, it is clear that for small-scale examples
heuristic algorithm achieves better solution compared
with GA. The average improvement of heuristic com-
pared with GA is about 12%.

o CPLEX
O Heuristic
oGA

O L L L L L L L L L 1
1 2 3 4 5 6 7 8 9 10
Experiment

Fig. 3 Results of small-scale instances

4.2 Large-scale examples

Solutions of 10 large-scale examples obtained by GA
and heuristic are compared.

Figure 4 depicts that for large-scale examples the
performance of the proposed heuristic is also better
than GA, and the average improvement of solution is
about 7%.
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12000

10000 a [

8000r = [

O Heuristic

6000F BGA

Makespan (s)

4000r
2000F m
O ’_D 1 1

1 2

Fig. 4 Results of large-scale examples

345 6 7 8 9 10
Experiments

5 Conclusions

In this paper, an integer programming model for truck
scheduling and storage allocation problem is formu-
lated. In this model, a fleet of trucks are assigned to
transport discharging containers from the ship to one of
the storage yard blocks. The objective of this problem
is to achieve the minimum make span for all discharg-
ing containers. The processing time of trucks discharg-
ing containers consists of travel time on the network
and waiting time at quayside and yard side. In this pa-
per, quayside waiting time due to the technical per-
formance of quay cranes and unloading sequence is
considered in the different ready time of containers.
The waiting time and travel time are explicitly consid-
ered in the model. Compared with previous research,
the model formulated in this paper is more practical
and comprehensive by considering different items of
processing time of discharging containers. By balanc-
ing the travel time and waiting time, minimum
makespan is achieved.

Due to the NP-hardness of the truck scheduling and
storage allocation problem, which means that it is im-
possible to find the optimal solution, a genetic algo-
rithm and a greedy heuristic algorithm are designed to
handle this problem. The greedy heuristic algorithm
can obtain the same objective value for small-scale in-
stance as those from CPLEX. Results of both small-
and large-scale examples show that the proposed heu-
ristic algorithm does perform better than the genetic
algorithms for solving this problem.
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