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ABSTRACT 

This research addresses the problem of optimizing simultaneously the container 

vessels berthing schedule and quay cranes assignment for each berthed container vessel. A 

mixed integer linear programming (MILP) mathematical model is developed to achieve 

the lowest total flow time of the group of anchored vessels waiting for service, considering 

port resources usage constraints. The research extended to study the efficiency of the use 

of port resources such as berth length, number of available quay cranes in the port and the 

maximum allowable quay cranes that can serve a vessel. Experiments were carried out 

using the developed model to study the effect of number of quay cranes, berth length and 

the maximum allowable cranes per vessel on vessels total flow time as well as the 

interaction between these factors in affecting the total flow time. The utilization of berth 

and quay cranes were studied at the berthing schedule that minimizes the total flow time. 

It was concluded from the results that increasing the number of quay cranes will not 

contribute to improving the total vessel flow time unless a sufficient berth that can 

accommodate more vessels is present. Moreover, a reduced quay crane utilization will 

occur with increasing the number of quay cranes. Also, increasing the maximum allowable 

quay cranes for vessels in service contribute to improving vessels total flow time and quay 

carne utilization. 
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1. INTRODUCTION 

     Seaside operations faces many challenges that reflect 

on seaport efficiency. Seaside problems can be divided 

into three main categories which are:  the berth allocation 

problem (BAP), the quay crane assignment problem 

(QCAP), and quay crane scheduling problem (QCSP) 

Hsu et al. [1]. The berth allocation problem (BAP) can 

be defined as the problem of determining the appropriate 

time and place for the berthing of vessels coming to the 

port. The problem of assigning quay cranes (QCAP) 

appears after vessel berthing due to the need to determine 

the appropriate number of cranes for each vessel 

according to vessel length, vessel workload, and the 

number of quay cranes available in the port. The quay 

crane scheduling (QCSP) is the process of scheduling the 

loading and unloading operations of containers using 

assigned quay cranes Al-Dhaheri et al. [2]. Some 

researchers, were interested in solving seaside problems 

in an integrated way [3,4,5,6,7]. 

     Optimization models have been widely used to 

improve the efficiency and utilization of the port [8,9]. 

The researchers' goals varied to reach the best efficiency 

and high utilization of the port resources. Examples of 
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optimization objectives are minimizing total service time 

[10] , turnaround time [11], make-span [12], weighted 

flow time [13], waiting time [5,14,15] and total tardiness 

[16].  

2. LITERATURE REVIEW 

     Scheduling problems faced by the seaside area at 

container terminals is a topic that deserved the study of 

many researchers. In the past period, many researchers 

have discussed these problems and suggested 

methodologies for improvement. Bierwirth and Meisel 

[17] explained the overlap between these problems and 

the shortcomings of each problem. They stated that the 

main problem is how the service time is affected while 

allocating the berth and cranes to vessels.   

     Different solution approaches have been put out to 

address the three operational problems and their 

integration at the seaside. Imai et al. [9] used the genetic 

algorithm to solve the problem of discrete berth 

allocation (BAPD) in a multi-user container terminal to 

minimize the total service time. Prencipe and Marinelli 

[14] propose a mixed integer Linear Programming model 

to solve a dynamic and discrete berth allocation problem 

(DDBAP). A comparison between the Bee Colony 

Optimization (BCO) algorithm and CPLEX was 

performed, and the results show the effectiveness of 

(BCO). The authors developed a Biased Random Key 

Genetic Algorithm to solve the tactical berth allocation 

problem to minimize the total vessel’s staying time in the 

port. The results ensured that the algorithm is very 

effective to solve this complicated problem. Lee et al. 

[13] proposed a Greedy Randomized Adaptive Search 

Procedure (GRASP) in a continuous and dynamic berth 

allocation problem (BAP) in order to minimize the total 

weighted flow time. Ting et al. [15] proposed practical 

swarm optimization (PSO) approach to minimize total 

waiting time in berth allocation problem (BAP). This 

approach was checked with two different size benchmark 

problems and proved its efficiency. Skaf et al. [18] 

Studied a quay cranes scheduling problem (QCSP) case 

at Tripoli-Lebanon port. A mixed integer dynamic 

programming model was formulated to minimize make-

span. The proposed algorithm has the capability to 

minimize the make-span compared with the Tripoli-

Lebanon port. Chung and Choy [12] Formulated a 

modified genetic algorithm to solve the quay crane 

scheduling problem (QCSP) to minimize make-span. 

The algorithm is compared with another benchmark 

problem and the results show that the genetic algorithm 

is more effective. Chen et al. [19] proposed a mixed 

integer programming model to solve the quay crane 

scheduling problem (QCSP) and minimize make-span. 

They developed new heuristic and the numerical test was 

used to evaluate the heuristic performance. 

     Some researchers such as [20,4] have focused on the 

effect of increasing the vessel's time in port on the 

amount of quay crane fuel consumption. Junliang He [4] 

formulated a mixed integer programming model to 

minimize the total departure delay time and the cost of 

quay crane energy consumption in the integrated berth 

allocation (BAP)and quay crane assignment (QCAP) 

problem. The results of experiments show how the 

model is more effective. Duan et al. [20] proposed a 

multi-objective optimization mode to schedule the berth 

and quay crane in the container terminal. The authors 

suggested a multi-objective optimization model for 

scheduling quay crane and berth at the container 

terminal. The research paper discussed that competition 

between ports does not depend only on achieving the 

shortest service time and highest port productivity, and 

proved that it is essential to take fuel quay crane 

consumption and pollution reduction into consideration. 

     Charguri et al. [21] developed an artificial neural 

network (ANN) predictive model in order to minimize 

the make-span. The author proved that the increase in 

quay crane productivity rate would affect the 

optimization model of quay crane scheduling problem 

(QCSP). Malekahmadi et al. [5] Developed an integer 

programming model to solve the case of integrating the 

three seaside problem berth allocation (BAP), quay crane 

allocation (QCAP), and quay crane scheduling (QCSP). 

The model was classified as NP-hard, thus a random 

topology particle swarm optimization algorithm was 

used to minimize the total waiting time. Shang et al. [22] 

developed a deterministic optimization model to solve 

the integrated berth allocation (BAP) and quay crane 

assignment (QCAP) problem. The genetic algorithm was 

used to minimize total weighted handling time and total 

waiting time. Iris et al. [6] proposed the generalized set 

partitioning model to minimize the overall cost in the 

integrated berth allocation (BAP) and quay crane 

assignment (QCAP) problem. Jiang et al. [3] developed a 

nonlinear mixed integer programming model, an 

improved genetic algorithm was used to minimize the 

cost. The results ensure that the algorithm gives effective 

berth and quay crane scheduling. Elwany et al. [11] 

formulated an integrated heuristics-based solution 

methodology in order to minimize the turnaround time. 

The results of the proposed heuristic-based approach are 

highly efficient and practicable. Xiang and Liu [7] 

addressed the integrated berth allocation and quay crane 

assignment problem to minimize the total cost. The 
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proposed approach was more effective than benchmark 

approach.  

     Imai et al. [10] discussed the problem of minimizing 

the total service time at berth allocation and quay cranes 

allocation and the genetic algorithm was used to solve 

the problem. They found that it is not possible to reduce 

the service time without the presence of sufficient 

resources such as berths and quay cranes. Liang et al. 

[23] Used hybrid evolutionary algorithm to locate a 

vessel's berth and determine the suitable number of 

cranes to reduce handling time, waiting time, and idle 

time for each vessel. An approximate solution to the 

problem was found, explaining the factors that affect the 

handling time and waiting time, such as the location of 

the berth and the number of cranes. Han et al. [24] 

proposed a two-stage model for berth allocation and 

quay crane allocation to minimize the total staying time 

of vessels and to minimize the cost resulting from the 

increase of quay crane movements. The swarm 

optimization method was used to solve the proposed 

model. Skaf et al. [18] showed the effect of increasing 

the quay cranes in the port and neglecting the effect of 

increasing berth length. Imai et al. [25] addressed the 

problem of berth allocation in a multi-user container 

terminal. A heuristic algorithm was developed to 

minimize the total service time with a dynamic arrival 

time. The results showed that the increase in the number 

of berths affects the proposed solution negatively, in 

addition to the fact that the increase in the number of 

vessels causes an increase in the total service time. Liu et 

al. [16] studied quay crane scheduling problem and 

proposed a mixed integer linear programming model to 

minimize the maximum relative tardiness of vessels. The 

problem was divided into two level because of its large 

size to vessel level and berth level. The authors assumed 

that the vessels arrival time is different. The results 

showed that the proposed system is more effective. Ganji 

et al. [26] formulated a nonlinear mixed integer 

programming model and used a genetic algorithm to 

minimize total service time in the berth allocation 

problem (BAP). Genetic algorithm results were 

compared with branch and bound algorithm results. The 

results show that the service time decreased according to 

berth length increase.  

     From the previous literature it can be concluded that 

most of the previous research focused in developing 

techniques for solving different scheduling problems in 

seaport terminals. While only few research addressed the 

problem of studying and analysing the factors affecting 

port performance in terms of vessels waiting time, mean 

flow time and resources utilization. The objective of this 

paper is to investigate the different factors affecting the 

port performance in terms of vessels total flow time and 

the utilization of both berth and quay cranes. A linear 

programming model for berth and quay crane assignment 

is developed to provide optimum berthing schedule and 

quay crane assignment with the objective of minimizing 

vessels total flow time. The model is used to analyze the 

effect of berth length and the number of available quay 

cranes on the achieved total flow time and the resulting 

berth and cranes utilization under different combinations 

of vessels length and workload distribution represented 

by the maximum allowable quay cranes per vessel.  

     The rest of this paper is organized as follows: section 

3 includes the problem definition and the proposed 

integer linear programming model for the problem. 

Section 4 includes design of experiments (that includes 

different parameters and their effect on the port 

performance), results of the experiments and discussion. 

Section 5 includes the conclusion and suggested future 

work. 

 

3. PROBLEM DESCRIPTION AND 

FORMULATION 

    Sea-side scheduling problems start with the 

arrival of the vessel at the seaport where each incoming 

vessel has certain length that requires to occupy on the 

berth. The problem of berth and quay crane allocation to 

container vessel (B&CAP) includes both BAP and CAP 

types of simultaneous occurring problems. Thus, berth 

allocation problem is concerned with the location at 

which the vessel will berth for service and determining 

the allowable time to berth. Appropriate number of quay 

cranes should be assigned to each berthed vessel 

according to each vessel workload.  This number of 

assigned quay cranes will determine the service time of 

each vessel. Meanwhile, the number of assigned quay 

cranes can vary throughout service time based on the 

need of other berthed vessels which optimizes the total 

flowtime. Thus, quay crane assignment problem will be 

concerned with assigning available quay cranes in the 

port terminal to all berthed vessel according to their 

workload and according to the minimum and maximum 

number of quay cranes that can be assigned to each 

vessel. Moreover, the total time spent by the vessel is 

divided into waiting time until a place in the berth is 

available to accommodate the vessel length and service 

time according to the number of quay cranes assigned to 

this vessel to perform unloading and loading tasks and 

leave the port which will in turn affects berth availability 

to accommodate other vessels to receive required 

service. Consequently, berth allocation problem (BAP) 

and quay crane scheduling problem (QCSP) should be 

solved simultaneously. Figure 1 shows an example for 

berth allocation and crane scheduling for four vessels. In 

this example, a 600m berth length and five quay cranes 
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are available in the seaport. According to the figure, the 

first vessel of 400m length and having a workload of 13 

time units being served for four time units with 3 cranes 

in the first three time units and four cranes in the fourth 

time units. At the same time, another vessel of 200m 

length is being served as the berth length can 

accommodate both vessels. The workload of 6 time units 

will performed fulfilled through assigning two cranes for 

three time units. The remaining two vessels are of 300m 

length, therefore none of them can start its service until 

the 400m vessel is finished. By the end of four time 

units, the berth is vacant to accommodate the two 300m 

vessels where two cranes are assigned to the first 300m 

vessel and three cranes are assigned to the other vessel. 

In this research, a mathematical model is developed for 

berth allocation quay crane scheduling problem with the 

following assumptions: 

 A continuous berth where vessels can berth at any 

position. 

 Ready time for all vessels at the beginning of the time 

horizon is known. 

 Vessel's berthing position cannot be changed during 

service time. 

 The maximum number of quay cranes that can be 

allocated to each vessel is determined by the length of 

the vessel, and the distribution of workload over the 

length of the vessel. 

 Service time is function of both vessel workload and 

number of allocated quay cranes 

 Safety distance between vessels is included in the 

ship length 

 The berthing position of vessels do not affect the 

number of quay cranes that can be assigned to each 

vessel. 

The model was built to achieve the predefined objective 

which is to minimize the total flow time of the set of 

ready containers’ vessels for service. The model 

constraints are mathematically formulated while 

considering the previously determined problem 

assumptions. The developed model was solved by 

LINGO optimization software using Core i5 4.3 GHz 

computer. 

 Nomenclature 

Parameters: 
V  : Set of vessels on anchorage waiting for 

service; {vi } i = 1,2,.. V 

T  : Planning Horizon in unit time (The value of T 

is considered equal to the makespan upper bound value) 

L  : Berth length in meters 

TQC  : Total number of available quay cranes in berth 

Wi  :  workload each vessel ‘i’, where i=1, 2… V 

Ri  :  Ready time for each vessel ‘i’, i∈ V 

li  : Length of vessel ‘i’, where  i∈  V 

Mini  : Minimum number of quay cranes to be 

assigned to vessel ‘i’ =1 

Maxi  : Maximum number of quay cranes that can be 

assigned to vessel ‘i’ 

Decision Variables: 
ST  : Vessels’ service starting time matrix where, 

               Sti,t  is a binary decision variable representing 

service start time for vessel i;  

                {
1   if vessel ‘𝑖’ start service at time ‘t’
0     Otherwise                                           

 

 

SST  : Vessels service duration matrix where,  

               Ssti,t :A binary decision variable; 

{
1  if vessel ‘𝑖’ is being served during time period ‘t’ 
0  Otherwise                                                                       

 

 

Qci,t  : An Integer decision variable representing the 

number of  quay cranes serving vessel ‘i’ during time 

period ‘t’ 

Ex: The matrices below shows an example for a problem 

of six vessels scheduled over a period of 7 time units. 

The decision matrices shown below indicate the start 

processing time, the service duration of each vessel and 

the number of cranes serving each vessel during its 

service time. For example, it can be observed that vessel 

six will start its service at period five and will be served 

for two time units with four cranes in the first period of 

service and four cranes in the second period of service. 

ST =   

[
 
 
 
 
 
1 0 0 0 0 0 0
1 0 0 0 0 0 0
0 0 1 0 0 0 0
0 0 0 1 0 0 0
1 0 0 0 0 0 0
0 0 0 0 1 0 0 ]

 
 
 
 
 

     ,     SST =    

[
 
 
 
 
 
1 1 1 1 0 0 0
1 1 0 0 0 0 0
0 0 1 1 0 0 0
0 0 0 1 1 1 1
1 1 1 0 0 0 0
0 0 0 0 1 1 0]

 
 
 
 
 

  ,    

QC =   

[
 
 
 
 
 
2 2 2 2 0 0 0
3 3 0 0 0 0 0 
0 0 3 4 0 0 0
0 0 0 2 4 4 4 
3 3 3 0 0 0 0 
0 0 0 0 4 4 0 ]

 
 
 
 
 

   

 

 

 

Figure 1:  Berth Allocation and crane scheduling for four 

vessels and 600m berth length 
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 Problem formulation 

The problem is formulated as follows: 

 Objective function 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ∑ ( 𝑇𝑜𝑡𝑎𝑙 𝐹𝑙𝑜𝑤 𝑇𝑖𝑚𝑒 )
𝑉

𝑣=1
   (1) 

 

Min Z=∑ {  ∑ (𝑆𝑡𝑖,𝑡  ∗ 𝑡𝑠𝑡) + ∑ (𝑆𝑠𝑡𝑡) − (𝑅𝑠𝑖)   
𝑇
𝑡=1

𝑇

𝑡=1
} 

𝑉

𝑖=1
 

 

The objective function in equation (1) aims to 

minimize the total flow time for all vessels considered 

within the planning horizon where the difference 

between the finishing time of any vessel and its ready 

time is considered. The service start time for each vessel 

and the number of unit times for serving the vessel are 

considered in the calculation.  

The first term of the above equation represents the 

start processing time for vessel i, where 𝑆𝑡𝑖,𝑡  is equal to 1 

at a single value of t. The processing duration of vessel i 

is represented in the second term of the equation, where 

the summation of 𝑆𝑠𝑡i,t throughout the planning horizon 

represents the number of periods at which vessel i is 

being processed. 

 Constraints 

 
∑ 𝑠𝑡𝑖,𝑡

𝑇
𝑡=1 = 1        ∀ 𝑖 ∈ 𝑉    (2) 

The constraint in equation (2) ensures single start time 

for each vessel. The above constraint guarantees a single 

start time for each vessel i, as the value of 𝑠𝑡𝑖,𝑡will be 

equal to one at a single value of t and zero otherwise. 

 
∑  𝑠𝑡𝑖,𝑡 ∗ 𝑡𝑇

𝑡=1  ≥  𝑅𝑠𝑖         ∀ 𝑖 ∈ 𝑉   (3) 

The constraint in equation (3) guarantees that the start 

service time of any vessel does not exist begin before its 

given ready time. The left-hand side of the constraint 

converts the start processing time of any vessel i from a 

binary vector𝑠𝑡𝑖,𝑡 to a value that is compared to the ready 

time of the vessel. The value of t is multiplied by its 

corresponding binary value in the vector𝑠𝑡𝑖,𝑡, thus the 

summation will result in a single value representing the 

vessel service start time. 

∑ (𝑙𝑖 ∗  𝑆𝑠𝑡𝑖)  ≤ 𝐿        ∀ 𝑖 ∈ 𝑉     𝑉
𝑖=1    (4) 

The constraint in equation (4) ensures that the total 

length of berthed vessels at any time t do not exceed the 

berth length. 

 
∑ 𝑄𝑐𝑖,𝑡  ≤ 𝑇𝑄𝐶        ∀ 𝑡 ∈ 𝑇    𝑉

𝑖=1    (5) 

The constraint in equation (5) ensures that the total 

number of cranes serving the vessels at any time does not 

exceed the total number of cranes available in the port. 

 
∑ 𝑄𝑐𝑖,𝑡

𝑇
𝑡=1 ≥ 𝑊𝑖         ∀ 𝑖 ∈ 𝑉    (6) 

The constraint in equation (6) ensures that the total 

number of cranes assigned to any vessel during its entire 

service exactly covers the required workload of the 

vessel. 

 

− 𝑆𝑠𝑡𝑖,𝑡−1 + 𝑆𝑠𝑡𝑖,𝑡 − ∑ 𝑠𝑡𝑖,𝑛 + ∑
𝑄𝑐𝑖,𝑡

𝑊𝑖

𝑡−1
𝑛=1

𝑡
𝑛=1  ≤ 1 (7) 

 

− 𝑆𝑠𝑡𝑖,𝑡−1 + 𝑆𝑠𝑡𝑖,𝑡 − ∑ 𝑠𝑡𝑖,𝑛 + ∑
𝑄𝑐𝑖,𝑡

𝑊𝑖

𝑡−1
𝑛=1

𝑡
𝑛=1  ≥ −1 (8) 

 
𝑆𝑠𝑡𝑖,𝑡  ≥  𝑆𝑡𝑠𝑖,𝑡         ∀ 𝑖 ∈ 𝑉     &     ∀ 𝑡 ∈  𝑇  (9) 

The constraints in equation (7), (8) & (9) ensure that the 

vessel’s service is not interrupted until vessel service is 

finished as the value of 𝑆𝑠𝑡𝑖,𝑡  for any vessel i is one 

starting from time t at which 𝑠𝑡𝑖,𝑡 (vessel service start 

time) is one and never return to zero as long as the 

summation of the cranes assigned to the vessel is less 

than the total processing time required. 

 

𝑄𝑐𝑖,𝑡  ≥  𝑚𝑖𝑛𝑖 ∗ 𝑆𝑠𝑡𝑖,𝑡        ∀ 𝑖 ∈ 𝑉    &    ∀ 𝑡 ∈  𝑇              (10) 

The constraint in equation (10) ensures that while 

serving any vessel, the minimum number of quay cranes 

is provided. The left-hand side of the constraint 

represents the total number of cranes serving a vessel at 

any time t which should satisfy the minimum number of 

cranes required by the vessel but only during the 

processing of the vessel at which 𝑆𝑠𝑡𝑖,𝑡 equals one. As 

𝑆𝑠𝑡𝑖,𝑡 is equal to zero when the vessel is not being served 

(i.e: either before its service start or after finishing the 

service) then 𝑄𝑐𝑖,𝑡 will equal to zero. 

 

𝑄𝑐𝑖,𝑡  ≤  𝑚𝑎𝑥𝑖 ∗  𝑆𝑠𝑡𝑖,𝑡        ∀ 𝑖 ∈ 𝑉    &    ∀ 𝑡 ∈  𝑇             (11) 

The constraint in equation (11) to ensure that the 

maximum number of cranes that can be assigned to each 

vessel is not exceeded. 

4. RESULTS AND DISCUSSION 

     Experiments are carried out to study the effect of 

different seaport terminals’ resources and operating 

factors on vessels-berth scheduling performance. The 

factors under study are continuous berth length, total 

number of available quay cranes and the maximum 

number of quay cranes that can be assigned to each 

vessel. The performance of vessels berthing and quay 

cranes scheduling is measured by the total schedule flow 

time, berth utilization and cranes utilization. The 

experiments were divided into two groups: 
     The first group aims to study the impact of the 

available resources and seaport operating strategy on the 

effectiveness of the vessels’ berthing schedules to 

receiving services and to assign berthing places on the 

quayside. It is assumed that all container vessels are 

waiting at the anchor at the same. This group imposes 

the following: 

     The study considered different combinations of vessel 

sizes. Berth lengths are taken 400, 600, 800, 1000 & 
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1200 meters as per assumed by Henesey et al.[27]. The 

study is conducted assuming a total number of 4, 8, 12 & 

16 quay cranes available at the seaport. Two vessel sizes 

are considered, large size vessels of 400 meters length 

and small size vessels of 200 meters length. Different 

ratios are considered between the number of large size 

and small size vessels. For each vessel length 

representing there are a minimum and a maximum 

number of quay cranes that can be assigned depends on 

vessel length and distribution or vessel workload. Six 

sets of experiments are conducted for above mentioned 

combinations of berth length, number of quay cranes and 

the two levels of maximum number of allowable quay 

cranes for each vessel as shown in table 1. 

 
Table 1. Vessels Lengths and Maximum Allowable Cranes 

for the Six Experiments 

No. of 

experiment  

Proportion 

of 

different 

vessels 

sizes 

l1 : l2 

Vessels 

length 

(unit 

length) 

l1 - l2 

Min and Max. 

quay cranes for 

each vessel 

   l1           l2   

Set of Exp. 

#1 
(50-50)% 400-200 

min.=2   min.=1 

max.=4   max.=3 

Set of Exp. 

#2 
(50-50)% 400-200 

min.=2   min.=1 

max.=6   max.=4 

Set of Exp. 

#3 
(80-20)% 400-200 

min.=2   min.=1 

max.=4   max.=3 

Set of Exp. 

#4 
(80-20)% 400-200 

min.=2   min.=1 

max.=6   max.=4 

Set of Exp. 

#5 
(80-20)% 200-400 

min.=1   min.=2 

max.=3   max.=4 

Set of  

Exp.#6 
(80-20)% 200-400 

min.=1   min.=2 

max.=4   max.=6 

 

The second group aims to test the effectiveness of 

applying the developed model to solve a more general 

case where the port is assumed to contain 24 anchored 

waiting vessels. Berth length is assumed to be 1200m. 

Vessel length is generated randomly from a set of 200m, 

300m and 400m vessels. The workload and the 

maximum allowable quay cranes are assumed to be 

proportional to the vessel length. As in the case of the 

first group, it is assumed the availability of cranes to 

serve the loading and unloading operations are 8-10-12-

16-20, and a minimum and maximum number of quay 

cranes allocated to each vessel are 4 and 6. The same 

study was carried out on this group as in the first group.  

 Results of first group of experiments 

    The results of set of exp. #1 are shown in figure 2. The 

effect of increasing the quay cranes on the total flow 

time is shown in Figure 2(a). It is observed that 

increasing the number of quay cranes at berth length of 

400m does not contribute in improving the total flow 

time. Additionally, a deterioration in quay care 

utilization occurs as the number of quay cranes increases 

as can be seen in figure 2(b). 

    The interpretation of such behaviour can be concluded 

from Figure 3 which shows the berthing schedule of the 

vessels and the number of cranes serving each vessel at 

every time period. It is concluded that increasing the 

number of quay cranes available in the port, without 

increasing the capacity of the berth to accommodate 

more vessels at a time, will result in the same total flow 

time and makespan together with reducing the quay 

crane utilization to 22% when the number of quay cranes 

increases to 16 cranes. 

    For berth length 600m, an improvement in the total 

flow time can be depicted in Figure 2(a). As the number 

of quay cranes increased from four to eight, the total 

flow time has improved by 9.3% at TQC=4 as compared 

with that obtained with the same number of quay cranes 

at 400m berth length. As the number of quay cranes 

increases to 8, total flow time has improved by 25%. 

However, the improvement was also accompanied by a 

reduction in quay carne utilization as shown in figure 

2(b). The reduction in crane utilization can be explained 

by figure 4. This means that, when the number of cranes 

increases from four to eight, the number of idle cranes 

increases despite of full occupancy of berth. The 

presence of idle cranes at the time the berth is fully 

occupied occurs due the fact that each berthed vessel 

utilizes the maximum allowable number of cranes. 

    On the other hand, further increase in the number of 

quay cranes will result in no improvement in the total 

flow time as well as a reduction in quay crane utilization. 

As neither the berth can accommodate more vessel nor 

can the vessel be served by more cranes at any given 

time. Also, the berth utilization shown in figure 2(c) 

remains constant with increasing the number of quay 

cranes, since the berth can always be fully utilized as the 

number of cranes is equal to or exceeds the requirements 

of the berthed vessels. 

    For 800m berth length, figure 2(a) shows that the same 

total flow time as 600m berth length is obtained when 

the number of quay cranes are four. As the number of 

quay cranes increases a higher improvement in the total 

flow time is obtained compared to that with smaller berth 

length. However, the total flow time remains constant 

with further increase in quay cranes. 
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    The quay cranes utilization shown in figure 2(b) 

demonstrates the same behavior as that for smaller berth 

length. Figure 5 describes the effect of increasing the 

number of quay cranes. As the total quay cranes reaches 

eight and more, the berth is fully occupied with vessels 

and the maximum allowable quay cranes are assigned to 

berthed vessel. Thus, increasing the number of quay 

cranes for the given berth length leads to reduced crane 

utilization. 

    It is obvious from figure 2(c) that berth utilization is 

reduced compared to that for 600m berth length. This is 

accompanied with an increase in the utilization as the 

number of quay cranes increases up-to 12 quay cranes 

after which it remains constant. Figure 5 explain such 

behaviour as the berth is not fully occupied when the 

total number of quay cranes are 4 and 8 since the number 

of available cranes do not allow the berth to 

accommodate more vessels. As the number of quay 

cranes are 12 and more, the berth can accommodate 

more vessels to be served and the utilization is improved 

to its maximum value dictated by the vessel lengths with 

respect to berth length. 

    For berth length 1000m and 1200m in figure 2, the 

same behaviour is obtained as occurred in case of smaller 

berth length. As the total flow time at four quay cranes is 

equal to the similar case at smaller berth length while a 

sound improvement in the total flow time is obtained 

with increasing the number of quay cranes. Also, the 

same behaviour is obtained for crane utilization and 

berth utilization as obtained for smaller berth. Figures 6 

and 7 shows the berthing schedule for 1000m berth and 

1200m berth respectively at different number of quay 

Figure 2: The Results of Exp. #1 (a) Total Flow Time (b) 

Quay Crane Utilization (c) Berth Utilization 

Figure 3: The Quay Crane Distribution at Berth Length 

400m 

Figure 4: The Quay Crane Distribution at Berth Length 

600m 

Figure 5: The Quay Crane Distribution at Berth Length 

800m 

Figure 6: The Quay Crane Distribution at Berth Length 

1000m 
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cranes. It can be observed that the same behaviour is 

obtained as smaller berth length. 

 

   As shown in table 1, Exp. #2 is conducted with the 

same size and large size vessels. Figure 8(a-c) shows the 

berth length and number of quay cranes on: (a) total flow 

time, (b) quay crane utilization and (c) berth utilization 

in (c). It is evident from the figure that the same results 

patterns are obtained as in set of Exp. #1. 

 

     Figure 9 shows a comparison between the total flow 

time obtained for Exp. #1 and Exp. #2. The figure shows 

that a typical behavior is obtained at all combinations of 

berth length and number of quay cranes with increased 

values as the maximum allowable quay cranes. It is 

obvious from the figure that the difference between the 

total flow time values increases at small values of berth 

length while the differences between the two values 

decreases at larger values of berth length. 

     Different ratios between large and small size vessels 

are considered in Exp. #3 and Exp. #4 as shown in table 

1. Large size vessels represent 80% of the vessel arriving 

to the port. Figure 10 shows the total flow time, quay 

crane utilization and berth utilization for Exp. #3 for the 

same combinations of berth length and number of quay 

cranes considered in the previous experiments. It can be 

concluded from the figure that the same behavior 

previously obtained in Exp. 1 & 2 can describe the 

behavior with regard to the number of quay cranes which 

increases for a given berth length. 

     Figure 11 illustrates the difference in total flow time 

obtained for Exp. #3 and Exp. #4 for each berth length. 

The difference is significant in the berth length 400m, 

and 800m at TQC= 8, 12 and 16. The difference will be 

small for berth length 600m, 1000m, and 1200m. 

     For Exp. #5 and Exp. #6, the ratio of large size 

vessels represents 20% of the total number of vessels 

waiting to berth. The results of Exp. #5 and Exp. #6 

shows the same pattern of total flow time, quay crane 

utilization and berth utilization as previous experimental 

results. Figure 12 shows a comparison of the total flow 

time between Exp. #5 and Exp. #6 due to the increase of 

the maximum allowable cranes per vessel.  Figure 12 

shows the same behavior obtained in figures 9 & 11. An 

improved total flow time is obtained by increasing the 

maximum allowable quay cranes for each vessel.  

Figure 7: The Quay Crane Distribution at Berth Length 

1200m 

Figure 8: The Results of Exp. #2 (a) Total Flow Time (b) 

Quay Crane Utilization (c) Berth Utilization 

Figure 9: The Total Flow Time Difference between Exp. #1 

and Exp. #2 
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Based on the observations from the previous sets of 

experiments; as the berth length increase, increasing the 

number of quay cranes will have a significant effect in 

improving vessels total flow time where this 

improvement is accompanied by an increase in berth 

utilization and a reduction in crane utilization. Also, as 

the maximum allowable quay cranes per vessel increase 

an improvement in the vessels total flow time is achieved 

where such improvement is significant as the number of 

quay cranes increases. Thus, a direct relation exists 

between the three influencing factors (berth length, 

number of quay cranes and maximum allowable cranes 

per vessel) and their effect on the total flow time, berth 

utilization and quay crane utilization. This the due to the 

fact that as the berth length increase it can accommodate 

more vessels to be served at the same time, also; as the 

workload of vessels is distributed over its entire length it 

can accommodate more cranes to perform the 

loading/unloading process. Hence, increasing the number 

of cranes will contribute significantly to improving the 

total flow time. On the contrary, as the number of cranes 

decreases; less number of vessels will be served leading 

to an increase in total flow time and the make span 

together with a reduced berth utilization since the 

number of vessels served at any time will decrease. For 

smaller berth length, increasing the number of cranes 

will not improve the total flow time since the berth is 

accommodating less number of vessels, therefore the 

cranes will be idle leading to a reduced quay crane 

utilization. 

 Results of second group of experiments 

     The results of total flow time, quay crane utilization 

and berth utilization are shown in figure 13(a-b).  It is 

obvious from figure 13 that the same pattern as the six 

Figure 10: The Results of Exp. #2 (a) Total Flow Time (b) 

Quay Crane Utilization (c) Berth Utilization 

Figure 11: The Total Flow Time Difference between Exp. 

#3 and Exp. #4 

Figure 12: The Total Flow Time Difference between Exp. 

#5 and Exp. #6 
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previously discussed experiments is obtained. An 

improvement in total flow time is obtained with 

increasing number of quay cranes till a certain number 

after which no further improvement occurs. Also, an 

improved berth utilization and reduced quay crane 

utilization is obtained as that observed in the previous six 

experiments. Figure 14 shows the berthing schedule for 

the 24 vessels and the number of quay cranes assigned to 

each vessel at every time period for the case of 12 quay 

cranes. It can be observed that for most of the time the 

berthed vessels are served by their maximum allowable 

number of cranes while the berth is fully occupied. 

Therefore, increasing the number of cranes to more than 

12 will not contribute to improving the total flow time 

for the given berth length; moreover, quay cranes 

utilization decreases significantly due to increased 

number of idle cranes.   

5. CONCLUSION  

Most of the previous research focused on developing 

solution techniques either exact methods or meta-

heuristics in order to solve the integrated berth allocation 

quay care assignment problem and to evaluate the 

efficiency of developed models in terms of accuracy and 

time. Only few research discussed the factors affecting 

port performance. A linear programming model is 

developed to minimize the total flow time. The 

developed model is used to study the factors affecting 

vessels total flow time, cranes utilization and ports 

utilization as well as the interaction between these 

factors. Experiments have been conducted on 

hypothetical cases of limited number of container vessels 

considering multiple quay lengths and different numbers 

of quay cranes. The experiments led to the conclusion 

that increasing the number of quay cranes leads to a 

significant reduction in the total flow time up to certain 

limit of quay cranes. Increasing the number of cranes 

above this limit has insignificant effect on the total time 

of flow. It is found that this behavior and quay cranes 

limit depends on the length of the quayside and the 

maximum number of cranes allowed to serve each vessel 

workload. The results also demonstrated a deterioration 

in the rate of utilization of quay cranes and an increase in 

the rate of use of the berth as the number of available 

quay cranes increases. The effectiveness of the proposed 

model has been proven in achieving the required 

objectives for different port configuration and its 

efficiency in dealing with cases involving a larger 

number of container vessels, where the results show 

similar behavior to the cases previously tested. Future 

work may include considering dynamic vessels arrival 

and solving the problem with multiple objectives. 
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