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ABSTRACT: Global ocean-based trade has been increasing significantly. To keep pace with this 10 

growth, a new generation of large vessels has been introduced to maximize shipping productivity. 11 

The primary goal of container terminals is to accelerate vessel turnaround time through effective 12 

coordination of the main handling components. This study proposes an efficient strategy to handle 13 

containers by employing double-cycling to minimize the number of empty travel trips of yard 14 

trucks. To verify the efficiency of the proposed strategy, two simulation models were developed 15 

and implemented based on a real-life case study considering uncertainties in the work task 16 

duration. The integrated single-cycling model predicted productivity with an accuracy rate of over 17 

97%, compared with the actual site productivity. When compared to the standard single-cycling 18 

model, the double-cycling model enhanced productivity and reduced vessel turnaround time by up 19 

to 62% and 38%, respectively, and achieved cost savings of up to 27%.  20 

21 

Keywords: Container Terminal Handling, Productivity, Integrated Operations, Double-Cycling, 22 

Simulation 23 

24 

1. INTRODUCTION25 

Container terminals are essential port facilities and key to international trade. Over 60% of the 26 

world’s cargo is transported through seas in standard containers with a capacity of 20-foot 27 
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equivalent units (TEU) or 40-foot equivalent units (2TEU) (Statista Research Department 2020). 28 

The volume of cargo shipped by containers in vessels has risen from approximately 102 million 29 

metric tons in 1980 to 1.83 billion metric tons in 2017. Additionally, the global shipping container 30 

market was worth about US$4.6 billion in 2016, and is expected to reach US$11 billion by 2025 31 

(Statista Research Department 2020). The expansion of global volumes of transported containers 32 

has proportionately increased the complexity of port logistics (Stahlbock and Voβ 2008). This has 33 

impelled shipping and port authorities to identify ways to keep pace with this development. 34 

Furthermore, an unexpected increase in global trade requires quick and efficient shipment cycles. 35 

One of the potential solutions was increasing the capacity of container vessels. The present 36 

generation of container vessels has a capacity of 18,000 TEUs, compared to 2,400 TEUs in the 37 

1970s. In 2017, the capacity increased to more than 20,000 TEUs, and presently, the largest vessel 38 

in the world that was built in 2019 has a capacity of more than 23,000 TEUs. 39 

 40 

Although increasing the capacity of vessels can minimize transportation unit costs, the vessel 41 

turnaround time continues to be an issue. The vessel turnaround time is the time taken for a vessel 42 

to be unloaded and loaded at its berth, that is, the difference between the vessel’s arrival and 43 

departure time. Accordingly, the larger capacity vessels will have a longer vessel turnaround time. 44 

This led researchers to investigate various container handling strategies to minimize turnaround 45 

time by improving the productivity of one or more container handling components, that is, quay 46 

cranes, yard trucks, and yard cranes. One of the major strategies proposed to enhance productivity 47 

was considering “double-cycling” quay cranes instead of the traditional “single-cycling.” 48 

Improving the productivity of modeling container handling operations alone is insufficient if they 49 

are impractical. Essentially, most of the previous studies ignored the effects of integrating 50 
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container handling component cycles. Such integration is essential to compare the efficacy of one 51 

handling component over the other. Therefore, the main aim of this research is to present the 52 

development and formulation of a new container handling strategy to improve container handling 53 

operations and minimize unit cost by employing yard trucks’ double-cycling. Based on this 54 

strategy, a simulation model was developed by integrating the cycles of various container handling 55 

components to enhance productivity practicably.       56 

 57 

2. BACKGROUND 58 

2.1 Container Terminal Handling Operation 59 

Large vessels are generally used to transfer containers through large container terminals, to be 60 

transshipped by smaller vessels called feeders between medium or small terminals before being 61 

sent to their final destination. Occasionally, the containers may be transferred directly to their final 62 

destination without additional seaborne transfer. These processes of container transshipment 63 

usually require four major components for handling the shipped containers at the terminal, namely, 64 

Quay Crane (QC), Yard Truck (YT), Yard Crane (YC), and Storage Yard (SY). At the berth (or 65 

quay) side, a QC unloads a container with import consignment from a vessel and loads it onto a 66 

YT or unloads a container with export material from a YT and loads it onto a vessel. QCs move 67 

parallel to the length of the vessel on a railway and each QC can lift two 20-foot containers 68 

simultaneously or one 40-foot container. YTs are used to transport the containers from the quay 69 

side to the SY and the other way around. A YC loads and unloads containers from or onto trucks 70 

going to or from the SY. Meanwhile, SY is the storage space where containers with import and 71 

export materials are stored temporarily before being moved to their assigned destinations.  72 

 73 
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2.2 Previous Studies 74 

Improving container terminal handling efficiency to minimize the turnaround time of vessels has 75 

attracted the attention of many researchers in the last two decades. Such improvements were 76 

employed at both the berth and the yard sides of the terminal. At the berth side, the operations 77 

include: (1) allocating berths to the vessels arriving (i.e., Berth Allocation Problem, BAP); (2) 78 

assigning QCs to the vessels (i.e., Quay Crane Assignment Problem, QCAP); and (3) scheduling 79 

the different work tasks handled by the QCs (i.e., Quay Crane Scheduling Problem, QCSP). 80 

Conversely, at the yard side, the operations include: (1) allocating containers to specific areas of 81 

the SY (i.e., Storage Yard Allocation Problem, SYAP); (2) scheduling the different work tasks 82 

handled by the YTs (i.e., Yard Truck Scheduling Problem, YTSP); (3) scheduling the different 83 

work tasks handled by the YCs (i.e., Yard Crane Scheduling Problem, YCSP); and (4) sequencing 84 

the loading of the container (i.e., Container Sequencing Problem, CSP), (Diabat and Theodorou 85 

2014).  86 

 87 

Different heuristics and algorithms were applied extensively to solve the three main assignment 88 

and allocation problems separately or by integrating two or three of them under a single platform 89 

as summarized in Table 1. Other efforts were exerted to solve the scheduling problems of the QCs, 90 

YTs, and YCs whether separately or through integration as summarized in Table 2. Furthermore, 91 

assignment and allocation problems were integrated with the scheduling problems as shown in the 92 

table. Most of these scheduling problems employed the traditional single-cycling approach of the 93 

QCs. A different approach was initiated by Goodchild and Daganzo (2006) to solve the QCSP 94 

through a double-cycling strategy for the QCs. This double-cycling strategy considers that the 95 

loading and unloading tasks of the containers onto and from the vessel by a QC occurs 96 
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consecutively. The strategy was employed as an alternative to the traditional single-cycling 97 

strategy where the loading of the vessel occurs only after the completion of the unloading process. 98 

Thereby, the empty travel time of the QC to unload a new container from the vessel is minimized, 99 

which in turn increases its productivity and minimizes the vessel turnaround time. However, for 100 

vessels with deck hatches, applying QCs double-cycling may not be useful for the containers above 101 

a hatch, as all these containers must be unloaded before applying double-cycling. Accordingly, 102 

Zhang and Kim (2009) modified QCs’ double-cycling strategy so that it would no longer be limited 103 

to the stacks under a hatch, but can also be employed for above-hatch stacks. The QCs’ double-104 

cycling was also adopted by other researchers to solve the QCSP while considering the CSP 105 

(Zheng et al. 2019c; Liu et al. 2015; Wang and Li 2015; Meisel and Wichmann 2010). Similar to 106 

the concept of incorporating double-cycling strategy for the QCs, introduced by Goodchild and 107 

Daganzo (2006), Nguyen and Kim (2010) introduced a double-cycling strategy, but this time for 108 

the YTs, which aimed to minimize the empty trip time of the YTs and cause minimum delay for 109 

vessel operations. Cao et al. (2018) also employed the YTs’ double-cycling to minimize the vessel 110 

turnaround time by integrating the QCSP with the YTSP using the mixed integer programming 111 

method.    112 

  113 

In light of the above, several limitations were found in the literature with respect to solving 114 

scheduling problems, which is the focus of our study. First, the QCs’ double-cycling strategy 115 

introduced by Goodchild and Daganzo (2006) may not be effective for vessels with deck hatches, 116 

given that all the containers above the hatch must be unloaded before applying double-cycling. 117 

Although Zhang and Kim (2009) provided a solution for this hitch, double-cycling the QCs still 118 

requires more YTs than in single-cycling because of its longer cycle, which means that some YTs 119 
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are not utilized during the application of single-cycling in each row. Specifically, a YT has to wait 120 

for the QC to be loaded before its departure, as the discharge time is considered idle time for the 121 

YT. Accordingly, minimizing YTs’ idle time is a concern, and employing a double-cycling 122 

strategy for the YTs can help address this concern, as reported by Nguyen and Kim (2010). 123 

However, their study did not consider an integrated scheduling of the YTs with the QCs and YCs. 124 

This brings us to the second limitation where most of the previous studies considered improving 125 

the cycles of either the QCs, YTs, or YCs independently. Although improving the efficiency of 126 

one of these handling components could result in an increase in the overall handling productivity 127 

and minimize the vessel turnaround time, scheduling them separately is still considered 128 

impractical. Effectively, the handling components have mutual work tasks. If one of these mutual 129 

work tasks is disturbed, it will eventually affect the other tasks due to the interaction between them. 130 

For example, a study by Kizilay et al. (2018) showed that an infinite number of YTs were assumed 131 

to be available in which there will never be an idle time for the QCs and YCs to load and unload a 132 

YT. In reality, this assumption is unreasonable due to uncertain factors that could affect the 133 

performance of the YTs, and also owing to the different cycle times of the QCs, YTs, and YCs. 134 

Thus, integrating or coordinating the scheduling of the three main handling components is 135 

essential. The third limitation is that although integrated scheduling was considered in some 136 

studies, uncertainty of the durations of the different work tasks (apart from Jonker et al. 2019) and 137 

employing a double-cycling strategy were not considered. 138 

 139 

To overcome these limitations, this study proposes a synchronized scheduling simulation-based 140 

model for the QCs, YTs, and YCs simultaneously. Furthermore, a double-cycling strategy for the 141 

YTs is employed, and uncertainty of the durations of the different work tasks conducted by each 142 
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handling component is considered. To the knowledge of the authors, none of the previous studies 143 

considered these limitations simultaneously. Accordingly, the output of this research is expected 144 

to contribute in adding practicality to the process of container handling that closely mimics reality. 145 

This is achieved throughout considering the idle times of any of the handling components as a 146 

result of their scheduling integration as well as considering stochastic durations for any work task. 147 

Together with added practicality, the productivity is improved by employing the YTs’ double-148 

cycling strategy to minimize vessels turnaround times and eventually minimizing the handling 149 

costs.  150 

 151 

Table 1: Assignment and Allocation Problems Literature Summary 152 

Citation Assignment/Allocation Problem Solved 

Zheng et al. 2019a Integrated BAP-QCAP 

Jacomino et al. 2019 SYAP 

Schepler et al. 2019 BAP 

Correcher et al. 2019 BAP 

Guerra-Olivares et al. 2018 SYAP 

Wang et al. 2018 Integrated BAP-QCAP-SYAP 

Al-Hammadi and Diabat 2017 Integrated BAP-SYAP 

Lin and Chiang 2017 SYAP 

Peng et al. 2015 Integrated BAP-SYAP 

Iris et el. 2015 Integrated BAP-QCAP 

Budipriyanto et al. 2015 BAP 

Wang et al. 2014 SYAP 

Lajjam et al. 2014 QCAP 

Karam et al. 2014 QCAP 

Xiao and Hu 2014 Integrated BAP-QCAP 

Zampelli et al. 2013 Integrated BAP-QCAP 

Chen and Lu 2012 SYAP 

Raa et al. 2011 Integrated BAP-QCAP 

Chang et al. 2010 Integrated BAP-QCAP 

Safaei et al. 2010 Integrated BAP-SYAP 

Golias et al. 2009 BAP 

Bazzazi et al. 2009 SYAP 

Monaco and Sammarra 2007 BAP 

Zhang et al. 2003 SYAP 

Imai et al. 2001 BAP 

 153 

 154 
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Table 2: Scheduling Problems Literature Summary 155 

Citation Scheduling Problem Solved Uncertainty Considered? Double-Cycling? 

Jonker et al. 2019 Integrated QCSP-YTSP-YCSP Yes No 

Yue et al. 2019 Integrated QCSP-YTSP-YCSP No No 

Zhen et al. 2019 Integrated QCSP-YTSP No No 

Hu et al. 2019 QCSP Yes No 

Zheng et al. 2019b YCSP Yes No 

Zheng et al. 2019c QCSP with CSP No Yes 

He et al. 2019 YCSP Yes No 

Kasm et al. 2019 QCSP with integrated BAP-QCAP Yes No 

Luo et al. 2018 YCSP No No 

Msakni et al. 2018 QCSP No No 

Zhang et al. 2018 QCSP No No 

Kizilay et al. 2018 Integrated QCSP-YCSP No No 

Wu and Wang 2018 Integrated QCSP-YCSP Yes No 

Jiao et al. 2018 QCSP with BAP No No 

Olteanu et al. 2018 QCSP with QCAP Yes No 

Alsoufi et al. 2018 QCSP with QCAP Yes No 

Agra and Oliveira 2018 QCSP with integrated BAP-QCAP No No 

Grubisic and Maglic 2018 QCSP with integrated BAP-QCAP Yes No 

Cao et al. 2018 Integrated QCSP-YTSP No Yes 

Cao et al. 2017 Integrated YCSP-YTSP No No 

Niu et al. 2017 YTSP Yes No 

Yu et al. 2017 QCSP No No 

Fan et al. 2017 YCSP with SYAP No No 

Xiao et al. 2016 Integrated QCSP-YTSP-YCSP No No 

Tan and He 2016 YCSP with SYAP No No 

Idris and Zainuddin 2016 QCSP with BAP Yes No 

He et al. 2015 Integrated QCSP-YTSP-YCSP No No 

Kaveshgar and Huynh 2015 Integrated QCSP-YTSP No No 

Al-Dhaheri and Diabat 2015 QCSP No No 

Wang et al. 2015 YTSP with SYAP No No 

Liu et al. 2015 QCSP with CSP No Yes 

Wang and Li 2015 QCSP with CSP No Yes 

Chen et al. 2014 Integrated YCSP-YTSP No No 

Wu et al. 2014 QCSP with BAP No No 

Diabat and Theodorou 2014 QCSP with QCAP No No 

He et al. 2013 YCSP Yes No 

Xue et al. 2013 YTSP with SYAP No No 

Sharif and Huynh 2012 YCSP Yes No 

Javanshir et al. 2012 YCSP Yes No 

Nguyen and Kim 2010 YTSP Yes Yes 

Cao et al. 2010a Integrated YCSP-YTSP Yes No 

Cao et al. 2010b Integrated QCSP-YTSP No No 

Lee and Wang 2010 QCSP with BAP Yes No 

Meisel and Wichmann 2010 QCSP with CSP No Yes 

Zhang and Kim 2009 QCSP No Yes 

Lee et al. 2009 YTSP with SYAP No No 

Lee 2007 YTSP No No 

Sammarra et al. 2007 QCSP No No 

Ng and Mak 2006 QCSP Yes No 

Goodchild and Daganzo 2006 QCSP Yes Yes 

Grunow et al. 2006 YTSP Yes No 

Ng and Mak 2005 YCSP Yes No 

Current Research Integrated QCSP-YTSP-YCSP Yes Yes 

 156 
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3. PROBLEM DEFINITION AND FORMULATION 157 

In this section, the scheduling framework and formulation of the different work tasks conducted 158 

by each container handling component will be discussed. The main assumption considered in this 159 

study is that the BAP, QCAP, SYAP, and CSP are predetermined. The notation for all the 160 

parameters used to formulate the cycles of the different components are shown in Table 3. 161 

 162 

3.1 Quay Crane Cycle 163 

The QC cycle can be segregated into unloading and loading cycles, and both are considered in this 164 

study to start from the YT lane as presented in Figure 1. The QC trolley makes different horizontal 165 

forward and backward moves as well as vertical upward or downward moves while loading or 166 

unloading a container. Figure 2a offers a better visualization of the possible QC trolley movements. 167 

Accordingly, the QC unloading (QCU) and loading (QCL) cycle time can be formulated in a similar 168 

manner as shown in Equations 1 and 2, respectively. Both equations are a sum of the duration (in 169 

minutes) of the different trolley movements carried in each cycle, in addition to the time of the 170 

actual lifting and loading of a container (i.e., tQ5 and tQ10) as well as the waiting time for the YT to 171 

be available. The time taken for the trolley movement can be estimated based on the relationship 172 

between the distance (in ft) moved by the trolley and the speed (in ft/min) of such movements as 173 

shown in Equations (3 – 10). The distances are illustrated in Figure 2a. For example, let us consider 174 

the time for the QC to pass a horizontal-forward distance along the vessel width from the quay 175 

wall to the bay (i.e., tQ2). As shown in Figure 2a, the distance to make such a move is denoted by 176 

“X”, while the QC’s trolley horizontal movement speed is denoted by “vQ1” as shown in Table 3. 177 

Therefore, dividing the distance “X” by the speed “vQ1” will result in “tQ2” as shown in Equation 178 
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4. It should be noted that the unloading and loading cycle time varies in each cycle based on the 179 

position of the container to be lifted or loaded from or onto the vessel. 180 

 181 

𝑄𝐶𝑈 = ∑ 𝑡𝑄𝑀 + 𝐼𝑡𝑄𝑈
10
𝑀=1 ………………………………………………………………………..(1) 182 
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10
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)…………………………………………………………………………....(3) 184 
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…………………………………………………………………………………….......(4) 185 
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𝐻
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𝑅
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ℎ

𝑣𝑄2
…………………………………………………………………………………….......(6) 187 
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𝑣𝑄3
…………………………………………………………………………………….......(7) 188 

𝑡𝑄7 = 𝑚𝑎𝑥 (
𝐻

𝑣𝑄3
,
𝑅

𝑣𝑄1
)…………………………………………………………………………....(8) 189 

𝑡𝑄8 = 𝑡𝑄2 =
𝑋

𝑣𝑄1
…………………………………………………………………………….........(9) 190 

𝑡𝑄9 = 𝑚𝑎𝑥 (
𝑃

𝑣𝑄3
,
𝑆

𝑣𝑄1
)…………………………………………………………………………..(10) 191 

 192 

3.2 Yard Crane Cycle 193 

Similar to the QC, the YC cycle can be categorized into unloading and loading cycles and both are 194 

considered to commence from the YT lane as illustrated in Figure 3. The same concept of the QC 195 

trolley movement is applied as shown in Figure 2b. Thus, the duration of YC unloading (YCU) and 196 

loading (YCL) cycles are formulated as shown in Equations 11 and 12, respectively. The time taken 197 

for YC trolley movements is formulated as shown in Equations (13 – 18). 198 
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Table 3: Notations used in Scheduling Formulation 199 

Handling 

Component 
Notation Description 

Quay Crane 

QCU QC unloading cycle time 

QCL QC loading cycle time 

tQ1 Time for QC (unloaded) to make a diagonal (upward-forward) movement from the YT lane towards the quay wall, or 
Time for QC (unloaded) to make a diagonal (downward-backward) movement from the quay wall towards the YT lane 

tQ2 Time for QC to pass a horizontal-forward distance along the vessel width from the quay wall to the bay 

tQ3 Time for QC (unloaded) to make a diagonal (downward-forward) movement to lift the container from the vessel, or 

Time for QC (unloaded) to make a diagonal (upward-backward) movement from the bay towards the quay wall 

tQ4 Time for QC (unloaded) to make a vertical-downward (or upward) movement under the hatch (or to pass the hatch) 

tQ5 Time for QC to lift the container from the vessel or the YT 

tQ6 Time for QC (loaded) to make a vertical-downward (or upward) movement under the hatch (or to pass the hatch) 

tQ7 Time for QC (loaded) to make a diagonal (upward-backward) movement from the bay towards the quay wall, or 
Time for QC (loaded) to make a diagonal (downward-forward) movement to load the container on the vessel  

tQ8 Time for QC to pass a horizontal-backward distance along the vessel width from the bay to the quay wall 

tQ9 Time for QC (loaded) to make a diagonal (downward-backward) movement to load the container on the YT, or 

Time for QC (loaded) to make a diagonal (upward-forward) movement from the YT lane towards the quay wall  

tQ10 Time for QC to load the container on the YT or the vessel 

ItQU QC idle time while waiting for the unloaded YT to be available 

ItQL QC idle time while waiting for the loaded YT to be available 

vQ1 QC’s trolley horizontal movement speed 

vQ2 QC’s trolley unloaded vertical movement speed 

vQ3 QC’s trolley loaded vertical movement speed 

M Number of QC’s trolley movements 

Yard Crane 

YCU YC unloading cycle time 

YCL YC loading cycle time 

tY1 Time for YC to lift the container from the SY or the YT 

tY2 Time for YC (loaded) to make a diagonal (upward-forward) movement from the YT lane towards the SY area, or 

Time for YC (loaded) to make a diagonal (downward-backward) movement to load the container on the YT 

tY3 Time for YC to pass a horizontal-forward distance along the SY width 

tY4 Time for YC (loaded) to make a diagonal (downward-forward) movement to load the container in the SY area, or 

Time for YC (loaded) to make a diagonal (upward-backward) movement from the SY area towards the YT lane  

tY5 Time for YC to load the container on the YT or in the SY 

tY6 Time for YC (unloaded) to make a diagonal (upward-backward) movement from the SY area towards the YT lane, or 
Time for YC (unloaded) to make a diagonal (downward-forward) movement to lift the container from the SY area 

tY7 Time for YC to pass a horizontal-backward distance along the SY width 

tY8 Time for YC (unloaded) to make a diagonal (downward-backward) movement to lift the container from the YT, or 
Time for YC (unloaded) to make a diagonal (upward-forward) movement from the YT lane towards the SY area 

ItYU YC idle time while waiting for the unloaded YT to be available 

ItYL YC idle time while waiting for the loaded YT to be available 

vY1 YC’s trolley horizontal movement speed 

vY2 YC’s trolley unloaded vertical movement speed 

vY3 YC’s trolley loaded vertical movement speed 

N Number of YC’s trolley movements 

Yard Truck 

YTSU YT unloading single-cycle time 

YTSL YT loading single-cycle time 

YTD YT double-cycle time 

tS1 Time for YT (unloaded) to travel from SY side to berth side 

tS2 Time for YT (loaded) to travel from berth side to SY side 

tS3 Time for YT (loaded) to travel from SY side to berth side 

tS4 Time for YT (unloaded) to travel from berth side to SY side 

tS5 Time for YT (unloaded) to travel from QC1 to QC2 

tS6 Time for YT (unloaded) to travel from YC2 to YC1 

x1 Distance of path taken by the YT from SY side to berth side 

x2 Distance of path taken by the YT from berth side to SY side 

x3 Distance between QC1 and QC2 

x4 Distance between YC1 and YC2 

ItTQU YT (unloaded) idle time while waiting for the QC to be available 

ItTYL YT (loaded) idle time while waiting for the YC to be available 

ItTQL YT (loaded) idle time while waiting for the QC to be available 

ItTYU YT (unloaded) idle time while waiting for the YC to be available 

vT1 YT unloaded speed 

vT2 YT loaded speed 

 200 
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Figure 3: Yard Crane Cycles 272 
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 282 

3.3 Yard Truck Single-Cycle 283 

Furthermore, the YT single-cycling will be divided into an unloading and loading cycle as shown 284 

in Figure 4. Accordingly, the unloading (YTSU) and loading (YTSL) single-cycle time will be the 285 

sum of the YT’s travel and return time in addition to the loading and unloading of the YT as well 286 

as any idle time, as shown in Equations 19 and 20, respectively. The loaded and unloaded travel 287 

and return time formulations are shown in Equations (21 – 24). 288 

 289 

𝑌𝑇𝑆𝑈 = 𝑡𝑆1 + 𝑡𝑄10 + 𝑡𝑆2 + 𝑡𝑌1 + 𝐼𝑡𝑇𝑄𝑈 + 𝐼𝑡𝑇𝑌𝐿…..…………………………………………..(19) 290 

𝑌𝑇𝑆𝐿 = 𝑡𝑌5 + 𝑡𝑆3 + 𝑡𝑄5 + 𝑡𝑆4 + 𝐼𝑡𝑇𝑄𝐿 + 𝐼𝑡𝑇𝑌𝑈…..………………………………………..…..(20) 291 
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𝑣𝑇2
…….………………………………………………………………………………….(22) 293 
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Figure 4: Yard Truck Single-Cycling 314 

 315 

3.4 Yard Truck Double-Cycle 316 

The main concept of the YT double-cycling strategy is to combine two QCs to work as a single 317 

unit with one crane discharging the vessel and the other loading it (Ahmed 2015). Specifically, 318 

both QCs will serve the same YT where one will be unloading a container from the YT to be 319 
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loaded onto the vessel and the other unloading a container from the vessel to be loaded onto the 320 

YT. Each YT will transport containers from the SY to the vessel and from the vessel to the SY in 321 

the same cycle. Just as with the QCs, two YCs will load and discharge the trucks at the SY.  322 

 323 

Accordingly, as shown in Figure 5, the first YC (i.e., YC1) initiates the cycle by loading the YT 324 

at the export lane. The loaded YT then moves to the berth side to be discharged by the first QC 325 

(i.e., QC1). After discharging, the empty YT moves to the second QC (i.e., QC2) to be loaded. 326 

Subsequently, it returns to the SY to unload the container at the import lane. Thus, the second YC 327 

(i.e., YC2) will discharge the YT which will then depart empty to the export lane to be loaded by 328 

the first YC (i.e., YC1), thus commencing a new cycle. Based on such complete cycle, the YT 329 

double-cycle time (YTD) will appear as formulated in Equation 25. As shown in the equation, two 330 

new variables are introduced that represent the travel time by the YT between QC1 and QC2 (tS5) 331 

and between YC1 and YC2 (tS6). The formulation of these new travel times is available in 332 

Equations 26 and 27. 333 

 334 

𝑌𝑇𝐷 = 𝑡𝑌5 + 𝑡𝑆3 + 𝐼𝑡𝑇𝑄𝐿 + 𝑡𝑄5 + 𝑡𝑆5 + 𝐼𝑡𝑇𝑄𝑈 + 𝑡𝑄10 + 𝑡𝑆2 + 𝐼𝑡𝑇𝑌𝐿 + 𝑡𝑌1 + 𝑡𝑆6 + 𝐼𝑡𝑇𝑌𝑈…...(25) 335 

𝑡𝑆5 =
𝑥3

𝑣𝑇1
…….………………………………………………………………………………….(26) 336 

𝑡𝑆6 =
𝑥4

𝑣𝑇1
…….………………………………………………………………………………….(27) 337 

 338 

4. SOLUTION APPROACH 339 

In the previous section, the scheduling process and formulation of each container handling 340 

component cycle were introduced independently. Thus, in order to consider the interaction 341 

between the mutual work tasks conducted by these components, their different cycles are to be 342 
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integrated. Such integration helps in synchronizing the real-life movement of the different 343 

resources used in the overall handling process, and eventually measures the impact of the delay or 344 

non-availability of one resource over the other. To model the integrated cycles, the EZStrobe® 345 

(Martinez 2001) discrete-event simulation system is utilized. EzStrobe is a simulation tool that 346 

was initially developed to model construction operations; however, it can still be used for other 347 

types of operations in various disciplines. This simulation tool is based on activity cycle diagrams 348 

to represent the essentials of a model. It generally consists of built-in circles and rectangles that 349 

represent idle resources, activities, and their precedence. The rectangles represent activities 350 

(resources collaborating to achieve a task), the circles represent queues (idle resources), and the 351 

links between them represent the flow of resources. The EzStrobe also employs clock advance and 352 

event generation mechanisms based on activity scanning (Martinez 2001). Simulation in general 353 

is an effective medium to mimic real-life operations by monitoring the workflow of the resources 354 

used, whether in their active or idle states. Moreover, it helps in solving the problem of real-life 355 

uncertainty by considering probabilistic durations for the different work tasks involved in the 356 

operation under study. To test the effectiveness of the YT double-cycling strategy, two simulation 357 

models were developed. The first and second model considers the traditional YT single-cycling 358 

and the YT double-cycling strategies, respectively, integrated with the cycles of the QC and YC. 359 

 360 

4.1 Single-Cycling-Based Integrated Model 361 

Since unloading precedes the loading process, the empty YT will move from the SY towards the 362 

berth side. Simultaneously, the empty QC moves towards the targeted container to be unloaded 363 

from the vessel. Once the YT arrives at the berth, the QC loads the container onto the YT. 364 

Subsequently, the loaded YT moves to the incoming SY to be discharged by the YC and then 365 
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returns empty to the berth side for another cycle. Meanwhile, the YC moves the container into the 366 

lane at the SY. The other YTs repeat this process until the last imported container is unloaded from 367 

the vessel. Consequently, the loading process starts by loading containers on the YTs at the export 368 

SY by the YC, to be transported to the berth, where the QC loads the containers onto the vessel. 369 

Similarly, the QCs, YCs, and YTs will move back and forth repeating the loading cycle until the 370 

last exported container is loaded onto the vessel. The flow chart of the full integrated single-cycle 371 

process is shown in Figure 6. 372 

 373 
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Figure 5: Yard Truck Double-Cycling 388 

 389 
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Figure 6: Single-Cycling Integrated Model Flowchart 408 

 409 

To convert the process shown in Figure 6 into a simulation model using EZStrobe®, various 410 

resources required to accomplish the job and the work tasks involved were identified. 411 

Consequently, the work tasks were linked logically to identify the workflow of the different 412 

resources involved as shown in Figure 7. In EZStrobe®, the main types of elements to model an 413 
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operation are the “Queue,” “Combi,” and “Normal” elements. The “Queue” element, represented 414 

by the Q-shaped node, is to model any type of resource in its idle state (e.g. a QC waiting for the 415 

YT to be available). It is not only the handling components (i.e., QCs, YTs, and YCs) that are 416 

considered as resources, but the spaces at the SY or the vessel as well, and are accordingly modeled 417 

as the “Queue” element. Also, the container units themselves are considered as resources. Finally, 418 

the “Queue” element can act as a signal resource for diverting a certain sequence of work. For 419 

instance, after the entire unloading process is completed, a rerouting signal resource is released by 420 

the “Queue” element to start the loading process.  421 

 422 

By contrast, both the “Combi” and “Normal” elements are meant to model any type of resource in 423 

its active state, that is, they represent a work task that consumes time. The “Combi” element, 424 

represented by a rectangular node with a diagonal corner cut, is a work task that can only start 425 

whenever the resources that are available in the Queues that precede it are sufficient to support the 426 

task. For example, the “loading of a YT by a QC” work task will require both resources (i.e., YT 427 

and QC) to be available to begin the task. The unavailability of at least one of these two resources 428 

will hamper the task. The “Normal” element, represented by a rectangular node, is a work task that 429 

can only start whenever an instance of any preceding work task ends. For example, the “loaded 430 

travel of the YT to the SY” work task can only start after the previous work task, which is “loading 431 

of a YT by a QC,” ends. In this manner, all the different work tasks, whether in their idle or active 432 

states, were modeled and logically linked, as shown in Figure 7. 433 

 434 

 435 

 436 
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Figure 7: Single-Cycling Simulation Model 450 
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(1) Unloading Cycle Phase (2) Loading Cycle Phase 
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To run the simulation model, the inputs and outputs are identified. The inputs involve identifying 455 

the work task duration, the number of resources, the “Queue” elements at which a resource will be 456 

initialized, and the costs. Conversely, the outputs are identified based on defined parameters and 457 

formulas. For example, the simulation model will usually run over several cycles until the full 458 

process of unloading and loading the vessel concludes based on the number of containers 459 

identified. Considering the duration of the work tasks and the idle time, the model records the full 460 

simulation time. Since the work duration is calculated in minutes, an equation is identified to 461 

determine the vessel turnaround time as an output in hours by dividing the recorded simulation 462 

time by 60 minutes. Similarly, the other outputs, namely, productivity rate, unit cost, and total cost, 463 

were formulated. 464 

 465 

4.2 Double-Cycling-Based Integrated Model 466 

Depending on the vessel size, in double-cycling, at least a pair of QCs and YCs each are utilized 467 

and each pair acts as a single unit. Practically, the double-cycling cannot start as soon as a vessel 468 

arrives at the terminal. Since the arriving vessel will be usually loaded with containers for import, 469 

the containers meant for export will require some space before being loaded onto the vessel. Thus, 470 

the double-cycling integrated model will begin as the normal unloading single-cycling for a certain 471 

period of time, after which the double-cycling will commence, before concluding with a normal 472 

loading single-cycling. It is worth mentioning that based on expert opinion, QCs should not cross 473 

each other and the clearance between two adjacent QCs should be at least 40 ft (i.e., two bays). In 474 

order to add more safety margins, the minimum clearance between two adjacent QCs will be 475 

assumed to be three bays for this study. Moreover, to explain the integrated double-cycling process 476 

in this context, let us assume that a single pair of QCs and YCs are utilized. Accordingly, as shown 477 
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in Figure 8, the process starts with a single-cycle unloading mode until the first three bays of the 478 

imported containers are unloaded by QC1 from the vessel and loaded at the import SY by YC2. 479 

By having three bay spaces available in the vessel, the double-cycling can start in which QC1 will 480 

change from unloading the containers for import to loading the containers for export on the vessel, 481 

starting from the first bay to the last bay. Simultaneously, QC2 will start unloading the containers 482 

set aside for import from the fourth bay to the last bay. On the SY side, the YC2 will continue 483 

unloading the imported containers while YC1 will start loading the containers for export. Having 484 

more than one YT, each YT will make the double-cycling route elucidated earlier (i.e., from YC1 485 

to QC1 to QC2 to YC2 then back to YC1 to start a new double-cycle). The QCs, YTs, and YCs 486 

will continue to repeat their respective cycles until the last container for import is unloaded and 487 

transported to the import SY. At this stage, the fleet size will be reduced to one QC (i.e., QC1) and 488 

YC (i.e., YC1) each to complete loading the remaining containers for export on the vessel as a 489 

normal single-cycle loading mode. Similar to the single-cycling simulation model, the double-490 

cycling process shown in Figure 8 is converted to a simulation model as shown in Figure 9. 491 

 492 

5. DATA COLLECTION 493 

In order to implement the developed models, different types of data were collected from a container 494 

terminal that is located in Tangier, Morocco, and operated by APM Terminals, which is a 495 

worldwide container terminal company based in the Netherlands. The main types of data collected 496 

were the actual time of the different work tasks by each container handling component as well as 497 

their costs to be considered as an input for the developed models. Moreover, the productivity rates 498 

of the components were recorded.  499 

 500 



25 
 

Start

Unloaded YT travels from the import SY (@YC2) to 

the berth side (@QC1)

Load the container on the YT

Lift the container from the YT

Unloading 

First 3 bays 

Finished?

Load the container on the YT

Loaded YT travels from the export SY (@YC1) to 

the berth side (@QC1)

YC2 

Available?

Wait for 

YC2
b

No

Yes

Lift the container from the YT

Unloaded YT travels from QC1 to QC2

Loaded YT travels from the berth side (@QC1) to 

the import SY (@YC2)

QC1 

Available?

Wait for 

QC1
a

No

Yes

No

QC1 

Available?

Wait for 

QC1
d

No

Yes

Unloaded YT travels from the import SY (@YC2) 

to the export SY (@YC1)

YC1 

Available?

Wait for 

YC1
c

No

Yes

(a) See Figure 1a (QC Unloading Cycle)

(b) See Figure 3a (YC Unloading Cycle)

(c) See Figure 3b (YC Loading Cycle)

(d) See Figure 1b (QC Loading Cycle)

Retrieve 

to Double-

Cycling

Yes

Load the container on the YT

Loaded YT travels from the berth side (@QC2) to 

the import SY (@YC2)

QC2 

Available?

Wait for 

QC2
a

No

Yes

Lift the container from the YT

YC2 

Available?

Wait for 

YC2
b

No

Yes

Vessel 

Unloading 

Finished?

Retrieve 

to Loading 

Single-

Cycling

No Yes

Load the container on the YT

Loaded YT travels from the export SY (@YC1) to 

the berth side (@QC1)

Lift the container from the YT

Unloaded YT travels from the berth side (@QC1) to 

the export SY (@YC1)

QC1 

Available?

Wait for 

QC1
d

No

Yes

Unloaded YT travels from the import SY (@YC2) 

to the export SY (@YC1)

YC1 

Available?

Wait for 

YC1
c

No

Yes

Vessel 

Loading 

Finished?

No

End

Yes

 501 

 502 

 503 

 504 

 505 

 506 

 507 

 508 

 509 

 510 

 511 

 512 

 513 

 514 

 515 

 516 

 517 

 518 

 519 

 520 

 521 

 522 

 523 

 524 

Figure 8: Double-Cycling Integrated Model Flowchart 525 
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Figure 9: Double-Cycling Simulation Model 542 

(1) Unloading Single-Cycling Phase (2) Loading Double-Cycling Phase 

(3) Unloading Double-Cycling Phase (4) Loading Single-Cycling Phase 
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Starting with the time, a breakdown of the work tasks that make a complete cycle of each 543 

component individually was conducted. For instance, the QC unloading cycle was divided into: 544 

(1) unloaded forward move towards the vessel; (2) container lifting from the vessel; (3) loaded 545 

backward move towards the yard; and (4) container loading on the YT. These four work tasks are 546 

equivalent to the QCs’ work task movements formulated earlier in Equations (3 – 10). For 547 

example, the “unloaded forward move” is equivalent to “tQ1 + tQ2 + tQ3 + tQ4,” while the “loaded 548 

backward move” is equivalent to “tQ6 + tQ7 + tQ8 + tQ9.” The reason for combining these work tasks 549 

under a single work task is to simplify the time recording process. The same concept was applied 550 

for the QC loading cycle as well as the other two components’ cycles (i.e., YC and YT). 551 

Accordingly, over several visits to the terminal, the duration of the different work tasks were 552 

recorded using a stopwatch for a vessel with a capacity of 16,000 TEUs. The time of each work 553 

task is usually unpredictable and changes from one cycle to another. Such changes occur due to 554 

many reasons, such as the container location on the vessel or in the SY varies in each cycle 555 

(different row, above hatch, under hatch etc.). Human factor is another reason in which the 556 

equipment operators’ proficiency and consistency is considered. In order to take into account such 557 

variations, the time recording was carried out more than once for each work task (i.e., over several 558 

repeated cycles). Having a set of different durations for the same work task, the EasyFit® 559 

(Schittkowski 2002) distribution fitting software was used to fit the data. The distribution type, 560 

mean, and standard deviation for each work task time is summarized in Table 4 for the different 561 

components and their respective cycles. The time taken for the YT loading and unloading work 562 

tasks carried out by either the QC or the YC are not presented in the table for the YT cycles, since 563 

these work tasks are common and are already presented in the QC and YC cycles. Moreover, it is 564 

worth mentioning that the visited terminal applies the traditional YT single-cycling strategy. As 565 



28 
 

such, two additional work tasks were considered for the YT double-cycling strategy, the YT travel 566 

from QC1 to QC2 and from YC2 to YC1, that is, tS5 and tS6, respectively. The time taken for these 567 

two additional work tasks were estimated based on the distance traveled and the YT’s speed and 568 

were considered deterministic, as shown in Table 4. With the distances traveled or moved on-site 569 

by the handling components as well as their relative speed, all the recorded time shown in Table 4 570 

were compared and verified by applying the formulations presented earlier. Finally, some work 571 

tasks were not considered such as the movements of the QCs or the YCs from a bay to another due 572 

to their minor values when compared to the total cycle time. 573 

 574 

Table 4: Work Tasks’ Times Collected Data 575 

Handling 

Component 
Cycle Type Work Task Distribution 

Mean 

Time 

(min) 

Standard 

Deviation 

(min) 

Quay Crane 

Unloading 

Unloaded forward move Normal 0.84 0.22 

Container lifting from the vessel Normal 0.36 0.30 

Loaded backward move Normal 0.87 0.33 

Container loading on the YT Normal 0.30 0.36 

Loading 

Container lifting from the YT Normal 0.20 0.11 

Loaded forward move Normal 0.64 0.25 

Container loading on the vessel Normal 0.21 0.16 

Unloaded backward move Normal 0.66 0.11 

Yard Crane 

Unloading 

Container lifting from the YT Normal 0.34 0.13 

Loaded forward move Normal 0.77 0.25 

Container loading in the SY Normal 0.28 0.21 

Unloaded backward move Normal 0.62 0.28 

Loading 

Unloaded forward move Normal 0.67 0.16 

Container lifting from the SY Normal 0.18 0.07 

Loaded backward move Normal 1.12 0.33 

Container loading on the YT Normal 0.23 0.11 

Yard Truck 

Unloading 

(Single-Cycle) 

Unloaded travel from SY to QC Normal 2.77 1.04 

Loaded travel from QC to SY Normal 2.74 0.53 

Loading 

(Single-Cycle) 

Loaded travel from SY to QC Normal 3.26 1.06 

Unloaded travel from QC to SY Normal 2.48 0.54 

Double-Cycle 
Unloaded travel from QC1 to QC2 Deterministic 0.16 - 

Unloaded travel from YC2 to YC1 Deterministic 0.75 - 

 576 

 577 
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Several cost items contribute to the total cost of the container handling process at the terminal such 578 

as tug services, wharfage charges, berth hire as well as the equipment used in handling. Since this 579 

study focuses only on the handling process, the costs of the main resources used to load or unload 580 

a vessel are considered (i.e., the QCs, YCs, YTs, and the operators). For confidentiality purposes, 581 

the financial department at the terminal provided the authors only with approximate hourly 582 

ownership and operating costs for the handling components without the operators. These hourly 583 

costs were US$105, US$87, and US$60 for a single QC, YC, and YT, respectively. An additional 584 

25% to these costs will be considered in this study to account for operator costs. It is worth noting 585 

that the developed models are flexible to input different costs based on the terminal planner 586 

estimate considering different geographical locations, time factors, and any other unaccounted 587 

costs that contribute to the handling cost.   588 

 589 

In addition to the time and cost data collected, the productivity rate in TEUs per hour for each 590 

handling component was recorded. As shown in Table 5, the productivity rates were recorded 591 

separately for vessel unloading and loading. For example, the unloading productivity rate of a 592 

single QC was determined based on the number of containers lifted from the vessel during a one-593 

hour timespan. This process was repeated over several hours to consider the variation in the 594 

number of containers unloaded each hour. Similarly, the productivity rate was determined for the 595 

loading cycle. Since the vessel unloading and loading productivities were determined 596 

independently for each handling component; their average was calculated in order to observe the 597 

actual productivity rate of the overall handling process (i.e., both vessel unloading and loading). 598 

As a reminder, the productivity rates presented in Table 5 are based on the traditional single-599 

cycling strategy. 600 
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Table 5: Productivity Rates Collected Data 601 

Handling 

Component 

Statistical 

Parameter 

Unloading 

Productivity 

Rate (TEUs/hr) 

Loading 

Productivity 

Rate (TEUs/hr) 

Overall 

Productivity 

Rate (TEUs/hr) 

Quay 

Crane 

Mean 55.33 68.03 61.68 

Standard Deviation 15.53 9.58 12.56 

Yard 

Crane 

Mean 61.86 53.59 57.73 

Standard Deviation 13.93 13.24 13.59 

Yard 

Truck 

Mean 12.85 13.81 13.33 

Standard Deviation 3.43 3.91 3.67 

 602 

6. MODEL IMPLEMENTATION AND TESTING 603 

To test the developed models, they were implemented on a case study using the EZStrobe® 604 

simulation software by identifying the required inputs and outputs. The case study considered is 605 

the 16,000 TEUs vessel from which the required data were collected as elucidated in the previous 606 

section. For both models, the inputs constitute the resources used, the considered costs, and the 607 

work task duration. The defined resources are the number of QCs, YCs, and YTs used in the 608 

process as well as the number of containers to be loaded and unloaded. Usually a vessel carries a 609 

combination of 20’ and 40’ containers. In each cycle of the handling process, either one 40’ 610 

container or two 20’ containers are transferred from or to the vessel as well as from or to the SY. 611 

Specifically, in each cycle, 2TEUs are transferred. Thus, in the developed models, the input 612 

regarding the number of containers was replaced by the number of loads, where each load is 613 

equivalent to 2TEUs. Accordingly, for the 16,000 TEU vessels, the number of loads will be 8,000, 614 

assuming that the number of imported and exported loads are equal. The costs input considered 615 

the hourly costs of each QC, YC, and YT used in addition to the those of the operators by adding 616 

25% as explained in the previous section. Finally, the stochastic durations for all the considered 617 

work tasks shown in Table 4 were used as the third input to consider uncertainty in the developed 618 
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models. Meanwhile, the output of both models include the productivity rate (TEUs/hr), vessel 619 

turnaround time (hrs), handling unit cost (US$/TEU), and handling total cost (US$). 620 

 621 

For the single-cycling model, one QC and YC each, and five YTs were assumed to complete the 622 

job. Conversely, two QCs and YCs each, and five YTs were assumed for the double-cycling model. 623 

The results of both implementations are shown in Table 6 for handling 32,000 TEUs (i.e., 16,000 624 

TEUs imported and 16,000 TEUs exported). Using the traditional single-cycling model, the 625 

productivity rate was 56.39 TEUs/hr. This value represents the overall productivity for both 626 

loading and unloading. The system overall productivity is evaluated based on the minimum 627 

productivity of the three components used. The actual system overall productivity rate can be 628 

estimated based on Table 5 where the QC, YC, and five YTs overall productivities were 61.68, 629 

57.73, and 66.65 TEUs/hr, respectively. Thus, comparing the productivity rate obtained by the 630 

model with the actual system overall productivity rate in Table 5 which was 57.73 TEUs/hr, 631 

verifies the practicality of the developed single-cycling model in representing the real-life situation 632 

with less than 3% difference. To compare the effect of applying the YT double-cycling strategy 633 

with the traditional single-cycling, Table 6 shows a significant improvement with respect to the 634 

productivity rate and eventually to the vessel turnaround time. The productivity rate was improved 635 

by 34.74 TEUs/hr (i.e., 61.6% improvement) and the vessel turnaround time was reduced by 216.4 636 

hrs (i.e., 38.1% time saving). Furthermore, the total handling cost was cut by US$48,767.6 (i.e., 637 

14% cost saving) when applying the double-cycling. These results demonstrate the efficiency and 638 

effectiveness of employing the YT double-cycling strategy in containerized terminals.  639 

 640 
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On a separate note, it is impractical to just assume that a single crane (on the berth side and the SY 641 

side) can handle a 16,000 TEUs vessel in the single-cycling model. However, such an assumption 642 

was intended in order to have a fair comparison when matching the results of both the single-643 

cycling and double-cycling models. Although in the double-cycling model, two QCs and YCs each 644 

were used, these pair of cranes still act as a single unit as explained earlier. Moreover, the double-645 

cycling introduced in this study is applied only for the YT. Hence, the effect of changing the 646 

number of YTs on the productivity rate and the unit cost is intended to be emphasized when 647 

comparing both models as will be discussed in the next section. 648 

 649 

Table 6: Model Implementation Results 650 

Model 

Productivity 

Rate 

(TEUs/hr) 

Vessel 

Turnaround 

Time (hrs) 

Unit Cost 

(US$/TEU) 

Total Cost 

(US$) 

Single-Cycling 56.39 567.5 10.91 348,998 

Double-Cycling 91.13 351.1 9.38 300,230 

 651 

7. SENSITIVITY ANALYSIS 652 

To investigate the effect of changing the number of YTs on the models’ main outputs, a sensitivity 653 

analysis was conducted, implementing both developed models several times by varying the 654 

number of YTs while keeping all other inputs constant. The analysis results are shown in Table 7 655 

and plotted for better visualization in Figure 10. For the single-cycling model, the productivity rate 656 

was 49.66 TEUs/hr when using only three YTs as shown in Table 7. The rate increases in 657 

proportion to the number of YTs up to a certain limit, after which enhanced productivity becomes 658 

insignificant, and eventually, the reduction in the vessel turnaround time is minimized. Therefore, 659 

considering only the productivity rate as a decision criterion, five YTs would be an optimal choice 660 

for completing the handling process using the single-cycling strategy. This can be better observed 661 
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in Figures 10a and b where, after five YTs, both curves almost stabilize, with minimal fluctuations, 662 

irrespective of how many YTs are added. The same pattern is observed when using the double-663 

cycling strategy, where, again, using five YTs would be a preferred choice after which the 664 

improvement is insignificant. Considering only the total cost as a decision criterion, the decision 665 

maker would opt to select three YTs and four YTs for the single-cycling and the double-cycling 666 

strategies, respectively, as shown in Figure 10c. Although increasing the number of YTs was 667 

expected to enhance productivity and cut costs, this did not happen in this case study, as the number 668 

of QCs and YCs considered were insufficient. Particularly, increasing the YTs with insufficient 669 

cranes increases the idle time of the YTs. Therefore, increasing the number of cranes with the YTs, 670 

especially when dealing with large vessels, is essential to ensure that YTs are utilized efficiently. 671 

 672 

Comparing both strategies, it is obvious that the double-cycling strategy results in a significant 673 

improvement with respect to the productivity rate and vessel turnaround time, regardless of the 674 

number of YTs used, as shown in Figures 10a and b. As shown in Table 7, above 54% and above 675 

35% improvement was achieved with respect to the productivity rate and vessel turnaround time, 676 

respectively, when using the double-cycling strategy. Regarding the cost, Table 7 and Figure 10c 677 

show that the double-cycling strategy was always a more economical option due to its significant 678 

higher productivity. This is despite the fact that the hourly cost using the double-cycling strategy 679 

is higher than the single-cycling strategy as two QCs and two YCs are used. 680 

 681 

 682 

 683 

 684 
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Table 7: Sensitivity Analysis Results 685 

Number 

of  

YTs 

Single-Cycling Double-Cycling 
Productivity 

Improvement 

Time  

Saved 

Cost  

Saved 

Productivity 

Rate 

(TEUs/hr) 

Vessel 

Turn-

around  

Time 

 (hrs) 

Unit Cost 

(US$/TEU) 

Total 

Cost 

(US$) 

Productivity 

Rate 

(TEUs/hr) 

Vessel 

Turn-

around 

Time 

(hrs) 

Unit Cost 

(US$/TEU) 

Total 

Cost 

(US$) 

TEUs/hr % hrs % US$ % 

3 49.66 644.4 9.36 299,638 76.57 417.9 9.21 294,632 26.91 54.2% 226.5 35.1% 5,005 1.7% 

4 55.23 579.4 9.78 312,873 87.51 365.7 8.91 285,225 32.28 58.4% 213.7 36.9% 27,649 8.8% 

5 56.39 567.5 10.91 348,998 91.13 351.1 9.38 300,230 34.74 61.6% 216.3 38.1% 48,768 14.0% 

6 56.81 563.3 12.15 388,664 91.84 348.4 10.13 324,042 35.03 61.7% 214.8 38.1% 64,622 16.6% 

7 56.99 561.5 13.42 429,549 92.15 347.3 10.91 348,996 35.16 61.7% 214.2 38.2% 80,553 18.8% 

8 57.01 561.3 14.73 471,496 92.21 347.0 11.71 374,797 35.2 61.7% 214.3 38.2% 96,700 20.5% 

9 57.06 560.8 16.04 513,144 92.41 346.3 12.50 399,957 35.35 62.0% 214.5 38.3% 113,187 22.1% 

10 57.18 559.6 17.31 554,040 92.62 345.5 13.28 424,962 35.44 62.0% 214.1 38.3% 129,078 23.3% 

11 57.21 559.3 18.62 595,700 92.29 346.7 14.14 452,487 35.08 61.3% 212.6 38.0% 143,213 24.0% 

12 57.22 559.2 19.92 637,539 92.46 346.1 14.93 477,612 35.24 61.6% 213.1 38.1% 159,927 25.1% 

13 57.11 560.3 21.27 680,791 92.5 345.9 15.73 503,351 35.39 62.0% 214.4 38.3% 177,440 26.1% 

14 57.41 557.4 22.47 719,038 92.59 345.6 16.52 528,783 35.18 61.3% 211.8 38.0% 190,256 26.5% 

 686 

 687 

 688 

 689 

 690 

 691 
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 695 
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 711 

 712 

Figure 10: Sensitivity Analysis Plots 713 

 714 

 715 
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8. CONCLUSIONS 716 

This study presented the formulation and development of two integrated scheduling models for 717 

container terminal handling operations by synchronizing the work tasks of the QCs, YTs, and YCs 718 

simultaneously. The first model was developed by employing the traditional single-cycling 719 

strategy while the second employed a double-cycling strategy for the YTs to improve productivity, 720 

minimize vessel turnaround time, and cut costs. Simulation was used for developing the models 721 

considering stochastic durations for the different work tasks to mimic real-life situations and taking 722 

into consideration uncertainty. 723 

 724 

Both models were implemented based on a real-life case study of a 16,000 TEUs vessel capacity. 725 

The single-cycling model resulted in a predicted productivity rate, with a less than 3% difference, 726 

when compared with the actual overall productivity rate. This suggests the robustness of the model 727 

in predicting close to practical real-life productivity as it considered both uncertainties and 728 

interactions between the different resources used. To compare both strategies, a sensitivity analysis 729 

was conducted for both models by varying the number of utilized YTs. It was found that employing 730 

the double-cycling strategy for YTs resulted in up to a 62% productivity improvement and up to a 731 

38% reduction in the vessel turnaround time. Even with respect to costs, the double-cycling 732 

strategy achieved up to almost 27% cost savings, when compared with the traditional single-733 

cycling. Simultaneously, it was found that double-cycling requires not only increasing the number 734 

of YTs to achieve enhanced productivity and cost reduction, but it also requires more cranes to 735 

maintain all equipment utilized efficiently.  736 

 737 
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Despite the promising results achieved by both models, there is still room for further improvement. 738 

For example, to add practicality and take into account uncertainty, additional work tasks should 739 

be added that consider the breakdown, repair, and/or periodical minor maintenance for the 740 

equipment used in the handling process. In addition, it is imperative to take into account the BAP, 741 

QCAP, and SYAP together with the presented scheduling problems, given that all of these 742 

operations are interrelated and their relative impact should be considered. Finally, as a future work, 743 

an optimum balance between the number of resources used in the handling process (i.e., QCs, YTs, 744 

and YCs) should be investigated. 745 

 746 
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