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Executive summary

The growth of container transport will continue, which demands a further optimisation of container terminal operations. The storage yard (where the containers are located between arrival and departure) plays a great role in the container terminal and its functioning influences the terminal performance. 

In this research we observe the high-density storage yard, consisting out of stacks, where each stack is served by two Rail Mounted Gantry Cranes. These cranes are able to quickly retrieve and store containers and are easy to automate. Using two cranes has the advantage that both waterside and landside of the stack can be served at the same time. But because they share the rails they hinder each other and each crane can only serve one particular side of the stack. Therefore a new configuration has been developed where one crane is bigger so it can pass the other crane when it has moved its trolley to the side. With this new configuration the cranes can serve both sides of the stack, which gives more flexibility in order assignment.

Subject of this research is the influence of the passing cranes configuration on the stack operations and performance compared to the no passing cranes configuration. Through dynamic simulation we gained insight in the stack performance and behaviour, and the possibilities of the new configuration. 

First we obtained results for a single stack, isolated from the other terminal operations, using different assignment rules. We found very little difference in performance for the two different configurations.

Second we obtained results for an entire terminal where passing cranes were implemented, with AGVs transporting the containers between quay cranes and stack. We obtained results for terminal productivity and stack behaviour using different approaches in assignment. Compared to the no passing cranes we found the passing cranes, when the gain in flexibility is used, able to give a higher waterside performance.   
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1 
Introduction

1.1 An introduction to container transport

From the fifties onwards the world economy experienced a strong growth. International division of labour increased and, in parallel, trade in and transport of (semi-) processed goods [2].  This new development asked for more transport facilities and shipping was a convenient answer. But the high labour costs on ships and in harbours became soon a bottleneck. Since all goods needed to be taken care of separately, unloading and loading were taking too much time and too much staff was needed on ships. For a less labour intensive way of handling the goods, standardisation of package in the form of containers was the solution. This concept of container had already been initiated in the United States of America, where trucks were developed of which chassis and container could be separated. On boarders from then on, only the containers had to be switched and not the cargo. To really have all the advantages of the standardisation, the introduction of the container could not go alone. Besides trucks all other forms of transport and transfer points involved had to be adapted to containers, like special designed vessels, trains, cranes, terminals etc. These changes demanded a large investment, which put up a barrier for most companies. But in the late fifties, the discovery of containers as an easy way of transporting military freight during the Vietnam War, gave containerisation the extra impulse it needed. After the large investments were done the costs of liner companies stabilized. The first container vesselsxe "container vessels" were small ships, mostly with a carrying capacityxe "carrying capacity" of several hundred containers, and equipped with cranes to load and unload the vessels. 

From the sixties onwards, container use expanded strongly. For example, between 1968 and 1974 the number of container transhipments got almost 10 times bigger from 150,000 TEU (Twenty foot Equivalent Unit, i.e., the 20 ft ISO-container) to 1,107,000 TEU in the largest European harbour, the Rotterdam harbour. Vessels became larger, cranes moved from the vessel to the quay and container terminals grew rapidly.

With containerisation the whole concept of transporting goods changed. No more individual treatment of goods but standardised processes. Logistics gained importance in the process chain of container handling. 

With the introduction of ICT in the nineties and the continuous improvement and automation of container handling machinery, this process chain was re-designed and could be controlled more centrally. This made more efficient handling possible, which has increased throughputs of container terminals immensely. Nowadays numbers of throughput of large container terminals are in the range of 4 million TEU up to 25 million TEU. Vessels have a capacity of 400 TEU up to 8000 TEU or even more. Figure 1-1 shows the top 10 of container terminals based on throughput in TEUs in the year 2001 where in Figure 1-2 it is shown where they are located. 

 INCLUDEPICTURE "http://www.ect.nl/Images/Wereldkaart_2001.jpg" \* MERGEFORMATINET 
	 Top 10 world container ports

	
1   Hong Kong (China) 
2   Singapore 
3   Busan  (South-Korea)
4   Kaohsiung (Taiwan)
5   Shanghai (China)
6   Rotterdam (The Netherlands)
7   Los Angeles (USA)
8   Shenzen (China)
9   Hamburg (Germany)
10 Long Beach (USA)
	TEU (2001) 
17,900,000 
15,520,000 
7,900,000 
7,540,000 
6,334,000 
6,129,000 
5,184,000 
5,040,000 
4,700,000 
4,463,000


Figure 1-1: The top 10 world container ports, based on their throughputs in 2001

(Source: website Homepage European Combined Terminals (ECT))
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Figure 1-2: Locations of top 10 container terminals in the world

1.2 Problem description

The growth of container transport will continue. Every major port is expected to double and possibly triple its cargo by 2020 [4]. Intercontinental vessels with a capacity of 8000 TEU are spotted already. These massive containerships and therefore the increasing number of containers to be handled, demand existing terminals to further optimise their terminal operations. To come to this optimisation, further automation of container handling operations and the use of Terminal Operating Systems (TOS) are subject to research, development and implementation.

Berthing time is costly and should be minimised, unloading and loading a ship should be done as efficient as possible. The bottleneck in waterside operations is that loading has to be done according to a strict load plan. This load plan is created in order not to have too many unnecessary moves in future destinations while meeting rules for safety for the ship too. Containers that are loaded mostly have their origin at the storage yard. This storage yard is divided into storage blocks where each block consists of several stacks. To be able to continue loading a ship, containers have to be delivered from stack in time on the berthing area. But at the same time unloaded containers and landside orders have to be taken care of. Clearly the performance of the stack yard plays a great role in the overall container terminal performance.

The scarcity of yard land in most container terminals, demand a high yard density. An alternative for high yard density that can be automated easily is the storage yard where the placing and retrieving of containers in stack is done by Rail Mounted Gantry Cranes (RMGCs). These cranes move over rails, and the width of the stack fits in between the legs of the crane. The RMGC can move over the whole length of the stack. The stack has on each end a transfer point where a container can be interchanged with a transport form. 

To be able to serve both transfer points at the same time, a configuration used is stacks with two equally sized RMGCs. An inconvenience is that they share the rails and each RMGC is only able to serve one side. No flexibility in the assignment of landside and seaside orders is possible.  Another inconvenience is that congestion and collisions have to be avoided which causes delays. 

To try to overcome these inconveniences, a new configuration is developed. It is the combination of two cranes where one is smaller than the other one and both have their own rails. In this way, they are able to pass each other, when some conditions are met. A disadvantage is that they take more space. This configuration has been built in the CTA terminal in Hamburg, and the Kwangyang port in Korea is interested to do so too. Other terminals might follow if this new configuration will lead to a better performance. But very little is known about the actual influence of this new configuration on the performance of the stack yard. For that reason we are interested in answering the following question: 

What is the influence of the passing cranes configuration on the performance of the stack yard compared to the no passing configuration?

Having a certain crane configuration, it is the assignment rules that define the planning of the stack yard. This concerns in what order the orders are done and by which crane. Especially for automated terminal processes these rules are necessary to perform in an efficient way, supporting the overall performance of the complete terminal. As explained, when having the passing cranes configuration, more flexibility is possible. For this reason the experimentation with new assignment rules is part of the research.

1.3 Problem approach

For this research dynamic simulation is used. Simulation is known as a powerful tool to gain insight in behaviour of dynamic processes. At TBA a simulation model of the no passing cranes configuration is present as well as a model for an entire terminal. To come to a simulation model for passing cranes, first the existing model for no passing cranes is studied. Then a control concept for passing cranes is developed and implemented.

To compare the productivity of the different crane configurations, we will observe two cases. The first case is the isolated stack module, where isolated means that no further attention is paid to the simultaneous processes at the terminal. A few ways of order assignment will be presented. Stacks with the two different crane configurations execute an exact same set of orders and a comparison is done based on productivity.

Second we observe an entire terminal where stacks are served by the passing crane configuration. To obtain an efficient stack yard operation, it should be synchronised with the other terminal operations. Some order assignment concepts in this matter are presented. Different scenarios are tested and a comparison is done for overall terminal performance, work distribution at the stack and truck service times are compared to the results of the terminal with no passing cranes. 

1.4 Outline

Chapter 2 will give a further detailed description of the overall container terminal and stack yard characteristics. In chapter 3 a brief survey will be given on literature published on stack yard operations and a further motivation of the problem approach. Then a description of the crane operations and the way they are implemented in the existing and developed simulation models will be given in chapter 4. In chapter 5 the experiments and results for the cases of a single stack and a complete terminal will be discussed after which in chapter 6 conclusions are drawn and findings are summarised. 

1.5 Research contribution

This research was done at TBA Nederland in Delft, The Netherlands. For a successful completion, TBA Nederland provided the hardware and software and the simulation models.

TBA Nederland is specialised in designing and developing advanced simulation models and emulation models of complex logistic processes. The mission of TBA Nederland is to solve the logistic problems of their customers and to support their design and implementation processes using state-of-the-art simulation and emulation models. Their projects range from baggage systems at airports to different production manufacturing systems, but their main expertise is container terminal processes. They have done projects for several terminals like the ECT terminal in Rotterdam, ACT terminal in Hamburg, and the Pyreus port in Greece.   

(http://www.tba.nl/, 2004). 

2 Container terminal characteristics

This section is meant to give insight in the research setting. The problems that arise in container terminals are discussed after which is focussed on the stack yard and the issues that matter in stack planning.

2.1 Containers

The International Standards Organisation (ISO) gave the following definition for a container:

“A freight container is an article of transport equipment intended to facilitate the carriage of goods by one or more modes of transport, without intermediate loading.” 

ISO standardised the sizes of containers. Lengths are 20 feet (which is referred to as 1 TEU, about 6.1 meters) or 40 feet (which is referred to as 2 TEU). The width is fixed at 8 feet (2.4 m) and for the height the standard dimensions are 8’6 (2.6 m) or 9’6 feet (2.9 m). There still is a lot of diversity in containers within these standardised dimensions. This makes them usable for different types of freight.

2.2 Container terminal processes
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Figure 2-1 shows a schematic representation of the processes taking place at a container terminal and how they are connected as a process line.
Figure 2-1: Processes involved transfers and transhipments in container terminals
We find the triggers of the processes in a container terminal on both ends of the process line, the in- and export of containers. On one side this is the arrival and departure of container vessels and on the other side departure and arrival of the other modalities like trains and external trucks. In between those two processes we find the stack yard where the container can stay for the time being in between being imported in and exported from the container terminal. 

When a vessel berths at the dock the to be imported containers are unloaded according to the unload plan by the quay cranes. An inter-terminal transport vehicle delivers the container to a certain block, stack and lane where it is placed in stack by the stack equipment. If it is imported by one of the other transport modalities, comparable activities take place. A form of container handling equipment takes care of the unloading of the transport form after which it is transferred to the stack or vessel. In some container terminals external trucks are able to deliver the container at the stack yard themselves thus do not make use the inter-terminal transport.

When any form of transport comes to export a certain container, the stacking equipment is ordered to retrieve the container from its slot after which it will be transferred by the inter-terminal transport to the spot where it is loaded on the exporting transport form. If the export modality is a vessel, containers will be retrieved from stack according to the load plan of the quay crane. This load plan is determined in order to reduce unnecessary moves with unloading in upcoming destinations and for safety reasons of the vessel (e.g. stability, torsion). If the export modality is a truck, then in some terminals it will be able to pick up the container from the stack itself.    

2.3 Decision making in container terminals

Within the above-described container terminal processes a lot of decisions have to be made. Vis [12] provides a classification of decision problems that arise at container terminals, namely strategic, tactical and operational decisions. They concern different issues on a different time-horizon. 

With strategic decisions the overall setting of the container terminal is determined. Strategic decisions are on a long-term base and set the constraints for the tactical and operational decision-making. An example of a strategic decision is the types of container handling equipment used. For example, for inter terminal transport there is rather broad selection possible. There are two key issues in choices. First manned or unmanned (manual or automated). The second issue is whether it is able to pick up or drop the container by itself. If not, another type of equipment is needed to load or unload the transport form.
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Figure 2-2: A straddle carrier (left) and an AGV (right)

The most common used manned inter-terminal transport form is the straddle carrier (SC), which is shown in Figure 2-2. It is able to pick and drop a container by itself. An unmanned inter-terminal transport form is the Automated Guided Vehicle (AGV), also shown in Figure 2-2. AGVs can be controlled centrally and follow pre-determined paths. An AGV is not able to pick up or drop a container by itself; it requires other material handling equipment for loading and unloading. To overcome this inconvenience the Automated Lifting Vehicle (ALV), which is able to do so, is under construction. 

Other examples of strategic decisions are: physical layout of the terminal, stack configuration, etc. 

By tactical decision-making a further determination according to the chosen strategy is done, by making the broad choices. These choices cover a time-horizon between a day up to months. Using the same example as before a tactical decision in this matter would be the determination of the number of inter-terminal transport vehicles necessary. 

Operational decision-making is concerned with the practical implementation of executing the daily processes efficiently. This concerns the order in which the orders are carried out, how they are carried out and by what means. In this matter we see a lot of decisions possible. An operational decision in the former example of inter-terminal transport, is the decision what vehicle will carry out what order, and how its routed (when unmanned).

Other examples are the creation of the load- and unload plan of the vessels, the allocation of a container to a certain block, stack and slot, order assignment and priority rules etc. 

Clearly all decisions made are supposed to contribute to the overall performance of the entire terminal. Where new terminals are built, strategic decisions are very important. But when looking at existing terminals, one pays more attention to the tactical and operational decision. Those are the ones that should be able to optimise performance within the existing setting. In practice, most concepts are developed with use of simulation or based on practical experience of decision makers. Vis [7] provides an overview of all the above-mentioned and many more problems for container terminals together with references to relevant literature.

2.4 A further focus: the storage yard

The storage yard of a container terminal has as function to provide space for the time staying in the terminal between being imported and exported again. 

There are two main ways of storing containers: on chassis or piled up on the ground. Most terminals in Europe and Asia are dealing with a lack of space and use the latter ones. A negative side affect is that not all containers can be reached directly. When piled up on the ground there are mainly two alternative systems for storage and retrieval, SCs or stacking cranes. SCs are able to carry out both jobs of the stacking and transport, thus are flexible. But they are costly and need more space in the stack to operate. When stacking cranes carry out the stacking operations, storage yards are divided into storage blocks where each block consists of several stacks and one or more cranes serve each stack. Two forms of stacking cranes are known, the Rubber Tired Gantry Crane (RTGC) and the Rail Mounted Gantry Crane (RMGC). Figure 2-3 shows the passing configurations of RMGCs.
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Figure 2-3: RMGCs, as in the passing configuration

The RTGC has the flexibility to change stack, but in practice this is time consuming and will not be done so often. Since they are harder to automate, they are less attractive for the terminals trying to further increase throughput through atomisation. In this research we only focus on automated terminals. Therefore from now on when referred to cranes, we refer to RMGCs. 
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Figure 2-4: Containers in stack

A stack served by cranes consists of rows (lengthwise), bays and tiers (height) as shown in Figure 2-4. A combination of these three coordinates creates a spot where a container can be located, called a slot. A slot fits a 20ft container, so a 40ft container takes two slots. The dimensions of stack served by cranes differ per terminal. But the order of magnitude one should think of is 30-60 bays length, 6-10 lanes wide and 4-5 tiers high. In meters, we are talking about 183-366 meters long, 15-24 meters wide and 10-13 meter high.
On both ends of the lanes, a number of transfer points is situated where the transfer of containers between crane and inter terminal transport takes place. One transfer point is situated on the waterside, the other on the landside. On the waterside transfer point containers delivered come from a vessel and pick-up orders have a vessel as destination. Containers delivered/picked-up on the landside transfer point, have their origin/destination at trucks, trains and barges. This research focuses on terminals where transport between QCs and stacks is done by AGVs as is done in automated terminals.  External trucks, from now on called trucks, deliver and pick up containers at the landside transfer points.

2.5 Planning and performance of a container terminal

The planning of a container terminal concerns the individual planning of the different processes taking place. At the same time planning of these processes together has to lead to an optimisation of the performance of the entire terminal. But what is performance? To be able to define what performance means for container terminals, firstly we should look at its main function. Hekman [6] provides a definition for this main function of a container terminal:

“Container terminals are connecting points in the whole system of inter-modal container transport. The main function is to transfer or tranship containers correctly, promptly and safely between the different modes of transport connected to it.” 

To achieve a good performance of a terminal, this function has to be carried out in the best possible way. How to deal with the enormous in- and outbound of containers, and carry out all forthcoming processes promptly is the key issue.

Berthing time of containerships in terminals is very costly. Berthing space is a problem for most terminals, and vessels want to spend the least time possible in each terminal. Therefore minimising berthing time and so optimising quay crane productivity is the key for good performance.
In this view the unload- and load plans of the QCs are the leading objects of terminal planning. All other activities on the waterside should be synchronised to these plans, in order to perform operations in an efficient way. Since most containers have their origin or destination at the stack yard, the well functioning of the stack yard influences the terminal performance for a great deal. Waterside operations tend to have priority, but on the other hand the landside operations cannot be forgotten. The time trucks spend delivering or picking up a container should be kept reasonable. Therefore the stack performance is determined by the waterside productivity and the truck service times together.

2.6 Stack planning characteristics 

The stacking process consists of retrieving and placing of containers from/in stack. Each order, concerning the placement or retrieval of a container has its origin in an event at the landside or waterside. Not all containers are directly accessible for retrieval. In that case, the containers on top need to be replaced. These are called shuffle moves or rehandles. 

The time window in which information is available about the order differs for the different events. For example at the landside, when a truck comes to pick up a container, this is only known when the truck shows up at the gate of the terminal. Then needed shuffle moves can only be done in the time the truck drives from the gate to the stack. At the waterside though, a retrieval order has its origin in the load plan, which is known in advance up to an hour ahead. This leaves a lot more time for shuffle moves to be carried out. 

For unload orders, it has to be decided in what stack the container has to be stored. Depending on when this decision is made in the planning process, before being unloaded or as a real time decision, the time window of that order is determined.  

Most terminals try to avoid shuffle moves by doing so called housekeeping moves. These are moves done within the stack during relatively quiet periods in order to have most containers that are known to leave reachable, preferably close to the transfer point from which they will leave.

As stated earlier, the unload- and load plans of the quay cranes are the leading objects of terminal planning. The assignment of the AGVs is done supporting these plans. When assigning orders to the stacking cranes, important is if the order is urgent according to the planning of the rest of the terminal. But in the same time we wish to carry out the movements within the stack in an efficient way, so to travel least as possible without carrying a container (empty travelling distance). 

These two demands conflict in most cases and therefore ask for decision rules for assignment. Especially in terminals where AGVs are used, this is an important issue. Since they need another form of container handling equipment (like a stack crane or quay crane) to pick up the container or place the container synchronisation gains importance. Deadlocks can be easily provoked when assignment is not done properly. 

An example: a crane is assigned to a loading order for a vessel. The order is not very urgent in matter of loading sequence in the load plan. But in terms of reducing empty travelling distance it is efficient to do it now. 

In this situation the following two cases are possible: 

The first case is that an AGV is assigned to come and pick up the container to free the crane so it can go do a new order. But then this AGV will be unavailable until the QC finally frees it, when it is this container’s turn.

The second case is that the AGV planning ignores the waiting crane and keeps on doing assignments according to the QC plans. This will keep an AGV free to do a more important order according to the QC plans, but will keep the crane blocked from doing any other order. When an urgent container is situated in this stack, it will be impossible to execute it until the crane is released from the container by an AGV.

Increasing the number of AGVs in the terminal can somehow give more room in the assignment. But disadvantages are that AGVs are costly. And having more AGVs, routing without collision and deadlocks gets more difficult and time consuming when travelling. 

Another issue in stack planning using AGVs is the priority issue in pick up and retrieval orders. One could say that a pick up order is more important since this container has to arrive in time at the quay to be loaded by the QC. On the other hand, letting an AGV wait for being unloaded, keeps this AGV longer occupied, which delays the next order to which this AGV is assigned.

Using SCs provides some more flexibility in order assignment to cranes. The cranes and SCs can drop containers at the interchange zone; it functions as a temporary buffer. The same counts for buffer areas of the QCs, where the SCs and QCs can drop and pick up containers. But both areas have limitations in the number of containers that can be put, which has to be considered as well. 

2.7 No passing vs passing

In the existing concept, where two cranes share the rails, dispatching of landside and waterside orders to the two cranes is done easily. In the case they cannot pass, one crane will be serving the landside and the other will be serving the waterside. Only shuffle moves have to be dispatched. The landside crane can support the waterside crane by moving containers closer to the waterside transfer point, these are called pre-positioning moves. In the new configuration though, both cranes are capable of reaching both transfer points, and therefore of processing any order. This needs further analysis in order to decide what crane is going to do what order.  

3 Literature and motivation approach

A broad range of researches has been done on container terminal operations in order to improve efficiency. Though few focus on different crane concepts or operational rules for the stack yard. We will first give a brief literature review, after which a further explanation of the proposed research approach is given.

3.1 Literature review

Chin-I. Liu et al. [2], have developed a simulation model to simulate all the operations of the automated container terminal (ACT) in order to compare 4 different concepts by means of performance and costs. The concepts issued are a terminal where AGVs used in combination with stack yards served by one RMG, a terminal where a linear motor conveyance system is combined with stack yards served by one RMG, a terminal where AGVs used in combination with an overhead grid rail system of stacking and a terminal where AGVs used in combination with a stack and storage system with a rack structure. They found the AGV-RMG concept to be the most cost effective. This research concerns stacks served by one crane. For our research we are interested in the control concept used for the AGVs and cranes, but the paper does not describe how this is done.

Kozan [8] provides a comparison of analytical and simulation planning models of container terminals. He uses queuing theory in a simulation model to observe the effects of changing values for critical parameters and compares the results of the analytical and simulation approach. He finds very little difference in the results found for both methods. Operations are not simulated dynamically.

Kozan and Preston [9] provide a model where storage strategies and container handling schedules are determined in order to minimize berthing time. Therefore they want to minimise the sum of set up times and yard travel times, where the set up time defined as the time necessary to remove the containers on top of the desired container. Stacks are served by one crane.  

Meersmans and Wagelmans [11] investigated the scheduling problem of AGVs in an automated container terminal. They used a beam search algorithm and proposed a way of using it in a dynamic setting. Results were compared with results of rules for dispatching, adjusted for this particular environment in order to avoid deadlocks. They found better performance for the beam search algorithm with the results of the beam search algorithm in the static environment as a benchmark. Only loading orders on the waterside are considered and stack planning is done according the AGV planning. Stacks are served by one crane.

Kim and Kim [7] discuss the problem of routing yard-side equipment by introducing heuristic algorithms to determine a pick-up schedule, minimizing the container handling time. However, containers are transferred at the side of the block and not at transfer points on the end. Which makes a great difference to travel times of the yard cranes compared to our configuration.

Vis [12] presents a model and heuristic for minimising empty travel distance for stack operations carried out by a SC or one crane. She considers the situation where the stack is isolated from other terminal operations.

Wang et al. [13] are the only ones that have conducted a simulation study for passing cranes. They suggest operational rules for crane dispatching and container allocation for automated container yards. They distinct two decision-making problems for dispatching: a role-separation rule (each crane serving one side) and a sequencing rule (First in First out concerning the AGVs and trucks or priority nearest order).  Performance is measured in terms of number of containers handled per hour per stack. They found the best performance for the case where both cranes have a separated role, and sequencing is done according the nearest order principle. In their research approach no comparison is done with another crane configuration.

3.2 Why this approach?

Two types of approaches of a problem can be distinguished: analytical or simulation. When using an analytical approach, mostly the problem needs to be simplified to be able to formulate a mathematical model. Simulation models on the other hand are able to cover very complicated situations. Disadvantage of simulation is the increase of time and so costs to come to a working model. But since TBA is providing models to work with, this disadvantage of time is overcome. The provided models cover container terminal processes and crane operations in a very detailed manner, which will give us the opportunity to do a detailed comparison.

Almost all research, considering stacks served by cranes, considers stacks served by one crane. Travel times can be used concerning the distance only and heuristics can be used trying to minimise this travel time. Hindering of cranes is not an issue and crane control leads to no difficulty. We want to compare two configurations with two cranes per stack. Then travel times are not static anymore and collision avoidance in crane control becomes an issue. This can be covered in its full appearance only, when simulating the cranes dynamically as being done in the provided models.

Another thing we have seen in most research papers is that only a part of the terminal processes is considered.  This simplification is needed to come to an optimisation of a certain process. To really know the stack performance, that has to deal with activities originating in all the different processes taking place in the terminal we choose to work with the full terminal operation on both landside and waterside. Performance optimisation then is difficult, so it will not be tried. But by using different approaches and heuristics, insight in the influence of the two different configurations on the stack performance and operations can be gained. This enables us to make a comparison and assess the new configuration. 

4 Description of simulation models

First a further close-up is taken of the crane, its operation and how it is incorporated in the simulation model.  This is followed by a description of the implementation of the model of the passing cranes. Then a description of the implementation of the main operations in the simulation model of the complete terminal is given.

4.1 Stack operations 

Stack operations concern the retrieving of containers from stack and the storing of containers in stack. Carrying out these operations, four different types of moves are distinguished:

1. Productive moves: moves where the container is directly moved from slot to transfer point or the other way around.

2. Shuffle moves: moves where the container has been moved from one slot to another to give access to a container underneath it in the same pile. 

3. Housekeeping moves: moves performed in order to re-configurate the stack yard to facilitate less shuffles needed in the future. 

4. Pre-positioning moves: moves where a container is pre-positioned to a slot closer to its destination just before the actual productive move.

Housekeeping moves are mostly done in relatively quiet times. Pre-positioning moves are only done for the waterside orders and can be seen as way of supporting the waterside. For every single move a pick and drop position has been determined. Each position consists out of bay, lane and tier coordinates. 

4.2 Crane operations

A crane consists of three parts (vehicles), namely gantry, trolley and spreader. Figure 4-1 shows a picture of a crane. The gantry is the biggest vehicle. It moves over the rails lengthwise, from bay to bay. The trolley is the vehicle that moves over the top of the gantry. We consider the crane where gantry and trolley can move simultaneously. The grabbing and dropping of a container is done by the spreader, which is connected to the trolley and can be lowered and hoisted. By positioning of gantry, trolley and spreader, any slot can be served. 
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Figure 4-1: Crane in operation in stack.

4.3 Order execution

When executing an order, the crane has to perform a sequence of movements with the different vehicles, in order to reach the target positions and move in a safe way. To describe this process, we will give an example where a container is retrieved from stack and dropped at a transfer point:

1. The spreader is brought to transport position, according to the stacking height of the stack.

2. The trolley is brought to transport position that makes the crane in balance and gantry movement is started. 

3. Before the gantry reaches its target position (the bay where the container is located) the trolley is started, to move to its target position (the lane where the container is located). 

4. When these two movements have reached their destination, the spreader is dropped and hoisted consecutively after the container has been grabbed. 

5. When the spreader has reached its transport position, the trolley and gantry are brought in movement again; the trolley to transport position and the gantry to transfer point. 

6. Before the gantry reaches the transfer point, the trolley is started, to move to the position of the lane of the transfer point where the container should be dropped. 

7. When both gantry and trolley have reached their final positions, the spreader is lowered and drops the container.

At the start of executing an order the sequence of movements needed for that order is determined. To start a certain movement safely at the right moment, the model works with preconditions. Every single movement of a particular vehicle has a subset of different preconditions. A movement can only be started, when all preconditions are satisfied. The status of each precondition is registered in a table. The status of a precondition changes during execution of movements. For example, during a spreader movement, the status of precondition ‘spreader at transport height’ can change to true. If any vehicle was waiting for this precondition to be true, and it was the last precondition to be met, its movement will be started now. When a vehicle finishes a movement it tries to start the next movement of this vehicle. Depending on the status of the preconditions for this movement it will be decided if this is possible. If the preconditions are not satisfied yet, the vehicle is set to wait. An exception of the described pattern above in movements is when the trolley does not have to be positioned in the transport position. This is the case when the initial position of the gantry is located very close to the position of destination. Possibly moving the trolley over transport position will take more time than the complete gantry movement. In this case the trolley can move directly to the position of destination.

4.4 Structure crane model

Figure 4-2 shows the basic structure of the simulation model of the crane. 

[image: image10.png]


Figure 4-2: Structure of crane in simulation model.

On the highest level we find management control. This is where all methods and information is located that concern both cranes. This is where orders are assigned, cranes are started. When a crane has finished an order, the management control will be notified and all information will be updated. The module that provides collision avoidance of the two cranes is also located on this level because information on both cranes is needed for this. One level down the management control we find two instances of the crane control. On this level, the movements of the different vehicles are scheduled, started and the sequence of the movements is controlled. The three instances of the three vehicles gantry, spreader and trolley, are located on the lowest level. Each of them is responsible for executing its requested movements. For a further explanation on the functioning of the crane in model we refer to Appendix A. 

4.5 Interference of no passing cranes in the model

For safety reasons a distance of 19 meters should always be kept between the two cranes. When an order threatens this safety distance when carrying out an order, collision has to be avoided. This is done through dynamic area claiming of which we will describe the basic concept.
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When a crane has claimed an area, it means that the other crane is not allowed to enter this area. The area is the space where the crane can move freely without colliding with the other crane. Of course no overlap is possible between claimed areas of different cranes. When standing still the claimed area of a crane has a minimal size of 19 meters, which is 9,5 meters on both sides of the central point of the crane, the safety distance. When a crane moves to another position in stack, it tries to claim a bigger area of the stack, ahead of it. Preferably it claims up to its target position. If the area, which it tries to claim, conflicts with the claimed area by the other crane, the claim fails. Depending on the state of the other crane, a decision is made according to the size of the area that it is granted.  

Figure 4-3: Functioning of collision avoidance in model 

Figure 4-3 shows a schematic representation of how this area claiming is managed in the collision avoidance module. When no conflict arises claiming the area, the whole claimed area is granted. If the areas conflict, and the two cranes are running towards each other, it means that the two target positions are located in such a way that not both cranes can reach them at the same time. In that case one of the two cranes needs to make space for the other one. Which one, depends mainly on the distances from their target position. The one closest to its target position gets priority over the other crane. If the claimed area conflicts, and the blocking crane is standing still and idle, it needs to make space for the coming crane. If it is busy hoisting or dropping a container, the crane simply needs to wait until it will start moving again. This area claiming is done repetitively during movement. At the moment the state of the other crane changes, like when the target position of the gantry is reached, the decision will be made according to the newly created situation. 

According to the area that is granted to the crane, the so-called allowed position is determined, the furthest position to which the crane is allowed to move. Based on the current position is decided if the gantry needs to brake, can accelerate or if it keeps the same speed to reach the allowed position. During movement of a gantry the minimal size of the claimed area is the area needed to come to a stop. The maximum size is the complete area up to the target position. A further description is given in Appendix B

4.6 Passing cranes configuration

Figure 4-4 shows us a picture of the passing cranes configuration. There are a few differences in characteristics for the no passing configuration as compared to the passing configuration.
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Figure 4-4: Passing cranes configuration

The smaller crane has the same characteristics as the cranes of the no passing configuration, only the large one is a little slower. The exact crane specifications are given in Appendix C. The transport position of the spreader is the same as compared to the smaller one. The cranes cannot pass each other under all conditions. Before a passing movement can be performed the trolley of the large crane needs to be moved to the far end side. Only when the trolley is in this position the large and small crane can pass without colliding.  In the picture we see that the large crane is able to serve an AGV in the lane besides the block. This is not possible in the simulation model. So in the model this space is lost. 
4.7 Conceptual model passing process 

[image: image13.emf]Times of delay for both crane configurations using nearest neighbour rule.

0

5

10

15

20

25

30

35

 < 10

10 - 20 20 - 30 30 - 40 40 - 50 50 - 60 60 - 70 70 - 80 80 - 90

90 - 100

100 - 150150 - 200200 - 250250 - 300300 - 350

delay (s)

frequency

no passing cranes

passing cranes

In the new model the cranes can pass each other. But when interference of the two cranes appears passing is not always an option. The situations where passing is not an option can be described in two cases. The first case is where it technically is not possible because some circumstances need to be met before passing can be initiated. E.g. when the large crane is busy on picking or dropping a container, the trolley cannot be brought to the side before it is finished. So then the smaller crane just has to wait. The second case is where passing strategically is not a good option because it causes even more interference. E.g. when the small crane will move away from the large crane when it has finished the drop or pick up movements, passing can be unnecessary and cause extra interference. The schedule in Figure 4-5 shows a flow diagram of the decisions made in the model for all different cases of interference (where the blocking crane is not idle). 

Figure 4-5: Decision model of passing
We will walk through one decision path, to give some extra explanation on the choices made of the case where: the running crane is the large one and the small one is standing still and busy picking up or dropping a container. The first question is if the large crane is able to reach its target position by passing. When it is located too close to the position of the small crane the answer is negative. The large crane will have to wait until the small one starts moving again or becomes idle, and a new situation occurs. When passing does make it possible for the large crane to reach its target position, we first check if passing is worth the effort. First question is if we know where the small one is going to move after being done at that position. If it is going to a position, in which it will have to pass the large one again if we decided to let the large crane pass, we let the large one just wait. We know that the small one will move away within not too much time, and are saving two passing movements. If passing does not impose further obstruction, it will be initiated. When we do not know where the small one is going next, we let the large one wait as well. Soon, when the small one gets a new order or becomes idle, a new situation is created and a better decision can be made then.

4.8 Implementation of passing in model

The implementation of passing each other has been integrated into the collision avoidance module. As long as there has not been initiated a passing movement and the trolley is not located in the passing position, the same rule holds for the passing cranes as for the no passing cranes. A distance of 19 meters should be kept, and claimed areas cannot overlap.

When the passing movement is initiated, the trolley movement to the side position is scheduled. When the trolley reaches the passing position, the collision avoidance module starts working in a different way. The area(s) claimed by the crane(s) are granted even though they conflict, because this will not lead to a collision now. So (only) during the passing the claimed areas will overlap. In the meanwhile is measured if the cranes have crossed each other and if the distance between them has become 19 meters again. When this is detected, the trolley is sent back to the normal position and the collision avoidance module starts working in the normal way again.

This mechanism does not sound too complex. But because we are dealing with a dynamic simulation model, it is very sensitive to changes like the extra trolley move and. And because the model has not built from scratch by us it takes a lot of time and patience to be able to put a finger on the difficulty. After which the next step is finding a solution for the problem.  An example of a problem that we found, and the solution for it, is:

 The decision to initiate a passing movement is irreversible. This means that once a passing movement is initiated, it cannot be made undone anymore. This gives some extra preconditions for the two cranes. For example, the small crane is not allowed to move away while the large crane is passing it. Problems would occur if the small crane moves away and the large crane, reaching its target position, has not passed the small crane yet. The crane is waiting for a sign that the passing movement has been completed, which is not going to come. Therefore, to make sure the completion of the passing movement will occur, the small crane is locked at a certain position so it will not start moving until the large one has passed. This position is chosen in the best possible way, depending on the situation.

4.9 Validation of the model

The existing model for the no passing cranes configuration, on which the model with the passing cranes configuration is based, has been validated extensively over the past years.  Two ways have been used to validate the new model.

First Em-plant provides a 2 dimensional model of the process. By observing the 2 dimensional model, operational errors and inaccuracies can be traced. The second way is observing the output data extensively. When relatively extreme measurements are found, errors and inaccuracies can be traced when running the model again with the exact same input. 

Determination of the decision model as presented before, has been formulated after an extensive testing of the model. Through this testing we have seen that it is not possible to create a decision model that takes the best decision in all different cases. Sometimes passing causes more interference in the end than when you would have waited and the other way around. The model is structured in such way that a real-time decision is made which order to carry out next. This implies that until the current order is finished, the next target is not known which makes it impossible to take into account the future movements of the two cranes.  Taking into account these circumstances, the decision model as presented performs reasonably well.

4.10 Terminal configuration

Obviously rail mounted gantry cranes serve the stack yard. The QCs for waterside operations are single hoisted. Trucks deliver and pick up containers on the stack yard themselves, so no intermediary form of transport is needed. Transport between quay and stack yard is done by AGVs. 
4.11 Terminal operations in simulation model

Landside operations

On the landside pick up and delivery orders of truck are generated according to a distribution with an average number given per hour. 

When a pick up order is generated, a random stack is chosen as pick up location. According to the stack distribution, the location of the container that needs to be retrieved is determined. When any container is located on top of this container, the necessary shuffle moves are determined including a new slot where to put away.   

When a delivery order is generated, the destination stack is determined according to workload and occupation rate of the stack. A position in that stack is determined as close to the waterside transfer point as possible on a pile where no operation is scheduled yet. Only in busy times a possible closer position is chosen.

A landside order has its due time 15 minutes after the truck enters the terminal. So a landside order and its possible shuffles are scheduled 15 minutes before the truck shows up at the transfer point of the stack. 

Waterside operations

On the waterside each quay crane can do a certain number of moves determined by a pre-specified average cycle time. One AGV can be served at the time. Next to the quay crane a buffer area is situated where AGVs can wait their turn to load or unload a container.

Loading and unloading orders are distributed equally. The work for a quay crane is scheduled in advance for at least half an hour up to several hours. 

For loading orders the requested containers concern containers from stack, which have to be transported by an AGV to the quay before being loaded. A due time for an AGV to arrive at the stack and a start time for the crane to start the pick up move are determined according:

· The work plan of the QC 

· The expected travel time of the AGV 

· The expected pick up time of the crane

The possible shuffles that have to be done to be able to retrieve a container can be scheduled in the same time. If the configuration of the stack changes such that the shuffle(s) move(s) scheduled do not coincide with the current configuration, they will be changed or a possible extra shuffle is determined.

For unloading orders the destination of the container and thus of the AGV is only determined when the container has been put on the AGV. This is done according to terms as stack occupation rate and workload on the waterside of the stacks. Only then can this order be added to the order list of the stack. 

In Appendix D a flowchart is given that presents the process of crane scheduling in the simulation model.

5 Experiments and results 

5.1 The isolated stack module

We aim to gain insight in the influence of the new configuration with passing cranes. Therefore we present experiments for both configurations under equal circumstances. Part one presents an isolated stack module in order to assess the productivity of the crane configuration only, unlinked from other container terminal processes. Part two presents the case of the different configurations functioning within container terminal processes. We assess the configurations on their attained productivity levels considering different assignment rules expressed by the terminal productivity.

5.1.1 Assumptions for the isolated stack module

In the isolated stack module means that no attention to other terminal processes is paid. This means that the scheduling of orders is free from restrictions as for as the overall terminal planning. Both crane configurations will get the same initial list of orders to carry out. In this way we aim to observe the behaviour of the two crane configurations only. To be able to do so, the following decisions and assumptions have been made:

· On both landside and waterside there is a peak level in workload. At any point in time, a new order is available.

· Each retrieval or storage order applies to an individual container. 

· A list of orders is a generated according to stack distributions for landside and waterside orders, which are developed at TBA based on experience. It represents the characteristics of both sides, e.g. there is about 25% shuffle moves at the landside since truck arrivals are not known much in prior. So shuffles cannot be avoided by housekeeping. On the waterside though, there are only 10% shuffle moves, which represents the housekeeping moves done when a vessel arrival is known. The majority of the retrieved containers is located close to the transfer point from which it leaves. Usually it is known from which side the container will leave when arriving, and allocation will be done according to this information when possible.

The types of moves represented in this list are productive moves, shuffle moves and pre-positioning moves. The portion of pre-positioning moves is small though, since they are normally only done by the landside crane when it has no landside orders. In peak hours at the landside this will not occur so often. We do not consider housekeeping moves, since they are normally not done during peak hours.

· Every container that appears in an order of the list is directly accessible. Every container that appears in a storage order of the list can be stored in that slot. Thus orders can be scheduled in any order.

· Each container retrieved or stored can be interchanged directly at the interchange zone, where no time is lost interchanging.

· Stack sizes are equal for both stack configurations and set to 40 TEU long, 8 containers wide and 4 containers high. Only 20ft (1 TEU) containers are used, thus 40 bay positions are available in each row. 

5.1.2 Order assignment

As stated before order assignment considers the order in which orders are carried out and by which crane. For the configuration with no passing cranes, the question by which crane is determined by its initial position, waterside or landside, since they cannot change position. For the new configuration though the cranes can be unlinked from a transfer point, both cranes are able to serve both sides.  

For determination of the order in which the cranes handle the orders different heuristics can be used. As stated before, there are two aspects that are important for stack operations. First important aspect is the due time, according to the planning schedule of the terminal.  Second aspect is that orders should be carried out in an efficient way. Therefore we consider two straightforward rules, which are easy to implement representing the two different approaches. They should be able to give us some insight in the behaviour of the two configurations. The two rules used are:

1. Nearest due time (ND). The order that comes first in the list is handled first.

2. Nearest neighbour (NN). The order of which the pick up position is closest to the current position is handled first.

First rule represents the situation where due time has the leading role but no interest is paid to efficiency. The nearest neighbour heuristic searches for an efficient assignment by reducing empty travel distance. We do not wish to completely ignore due times when using the heuristic. Knowing the setting of the stack that would be rather unrealistic. Therefore the nearest order can only be determined from the first five orders. When the cranes are unlinked from the transfer points, the cranes can carry out orders from both waterside and landside. The set of possible orders is equally determined for both cranes, and therefore set to the ten for both cranes instead of five for each crane.       

Output

The main output is the productivity level, expressed in moves per hour (mph). 

But besides this we are interested in another aspect, namely the delays caused by interference.  A delay is defined by the difference between the realised cycle time and the minimal cycle time needed to execute the order, based on the kinematics
 of the crane. Whenever a crane has to decelerate, come to a stop or even turn around in order to avoid collision with the other crane, a delay is caused. Clearly any delay is time loss and undesired as well because terminal planning is mostly based on predictions of handling time. Delays can hardly be predicted, and thus undermine this planning. 

5.1.3 Results

Results for the assignment rules were computed using the simulation model as described in chapter 4. Figure 5-1 and 5-2 give the average productivity in moves per hour, found for experiments of 24 hours each of 10 replications. The standard deviations are given between brackets in Figure 5-2. 

The differences found in productivity levels for the different configurations using the same assignment rule are small. When the nearest due time is used for the order assignment, the no passing cranes outperforms the passing cranes. With 50.2 moves per hour the productivity level for the passing cranes is 2.7% lower compared to the level found for the no passing configuration. For the nearest neighbour heuristic the difference becomes even smaller. The passing configuration is still outperformed by the no passing configuration.  The passing cranes configuration reaches a productivity level 1% lower than the no passing cranes. 
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Figure 5-1: Stack productivity for different crane configurations using the different assignment rules

	Stack productivity (moves per hour)
	Nearest due-time
	Nearest neighbour heuristic

	No passing cranes
	51.6 (0.40)
	54.9 (0.56)

	Passing cranes, each crane linked to one transfer point
	50.2 (0.46)
	54.3 (0.45)

	Passing cranes unlinked from transfer points
	43.7 (0.36)
	47.6 (0.74)


Figure 5-2: Average productivity (standard deviation) of isolated stack with the different crane configurations using the different assignment rules

Remarkable is that unlinking the cranes from a transfer point gives a lot lower productivities. Even when the nearest neighbour heuristic is used we see a 5% lower result compared to the productivity of the linked passing cranes using the nearest due time rule. When we compare the linked and unlinked systems of the passing cranes where the nearest neighbour used, the productivity for the unlinked configuration is 12% lower than where the crane linked to a transfer point.

For both configurations the productivity increases using the nearest neighbour heuristic, with 6.4% for the no passing cranes, 8.1% for the linked passing cranes and 8.9% for the unlinked passing cranes. The increase is the highest for the unlinked cranes. Without using the nearest neighbour heuristic both cranes will move all over the stack all the time while carrying out orders. Understandably a rather high decrease of empty travel distances can be reached using the heuristic. 

Figure 5-3 shows the averages found for the properties of delay in the different experiments. They can give us some more insight in the behaviour of productivity levels discussed before. When carrying out orders according to the earliest due-time rule, the average delay found for the no passing cranes is quite a bit lower (2.7 seconds) than for the linked passing cranes. This explains the higher productivity level found. The cranes suffer less delay thus more orders can be carried out.

	
	Average delay properties

	Crane configuration/ assignment rule
	Delay per order (s)
	Standard dev.(s)
	Max. (s)
	Orders delayed (%)

	No passing cranes / ND
	5.7 
	21.0
	239
	11.0

	Passing cranes, linked  / ND
	8.4 
	22.0
	190
	18.0

	Passing cranes, unlinked / ND 
	16.6 
	27.6
	210
	41.7

	
	
	
	
	

	No passing cranes / NN
	6.75 
	30.2
	368
	10.4

	Passing cranes, linked / NN
	7.34 
	21.2
	199
	15.8

	Passing cranes, unlinked / NN
	24.6 
	42.0
	318
	42.4


Figure 5-3: Average properties of delay for different crane configurations using the different assignment rules 

The average maximum delay found for the no passing cranes is much higher. The percentage of orders delayed is higher for passing cranes in general, which can be explained by the fact that when the larger crane has passed the smaller one, passing has to be repeated to return to its transfer point. Only when the larger one is able to move its trolley to the side without having to slow down, no delay is caused, which in many cases is not the case. A lower maximum is found though. Observing the crane’s behaviour teaches that larger delays are mostly occurring when some serious hindering takes place, for which the passing cranes are not so sensitive, since they, in most cases, will be able to pass the hindering crane.   

When the nearest neighbour heuristic is used for order assignment, the average properties of delay do not differ so much for the passing cranes as compared to the nearest due time rule; the average delay shows a slight decrease. For the no passing cranes though, both the maximum delay and standard deviation increase both with about 50%. This explains the decrease of the difference in the productivity levels. We presume that this increase is caused by the fact that with this assignment rule, when hindering occurs, the hindering crane will keep hindering because of processing an order located nearby.

To observe better the behaviour of the delays Figure 5-4 and Figure 5-5 present the delays that have occurred during two arbitrary simulation runs for the two configurations. 

What we observe is that the delays are more spread out for the no passing cranes configuration as compared to the passing configuration especially when the nearest neighbour rule is used.
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Figure 5-4: Delays measured during an arbitrary simulation run with the nearest due-time rule
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Figure 5-5: Delays measured during an arbitrary simulation run, using the nearest neighbour rule

Rather extreme delays, between 100 and 300 seconds, are found for the no passing cranes.  But a higher number of small delays is found for the passing cranes. These can be explained by the situation where the trolley movement of the larger crane to the passing position cannot be done during the gantry movement. This means that the gantry needs to slow down or even stop to finish the trolley movement, thus a delay for the gantry. 

5.1.4 Extra experiment
Increased number possible orders for nearest neighbour.
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As stated before, choosing the nearest neighbour out of 5 orders seems a rather small number. To see if increasing this number has a great influence on the results, we performed an experiment where the nearest order is chosen out of the first 6 orders. Figure 5-6 shows the results found for both cases.

Figure 5-6: Stack productivity using the nearest neighbour rule, selecting nearest of the first 5 or 6 orders

An increase in productivity levels can be seen for both configurations, although very small. The increase is 0.02% and 0.07% for the no passing and passing cranes respectively.  

	Stack productivity (moves per hour)
	Nearest neighbour (5)
	Nearest neighbour (6)

	No passing cranes
	54.9 (0.39)
	55.0 (0.36)

	Passing cranes, linked
	54.3 (0.45)
	54.7 (0.37)


Figure 5-7: Stack productivity (standard deviation)

The difference in productivity for the two different configurations increases.

From the properties in delay as shown in Figure 5-8, we observe that the average delay increases for the no passing cranes and decreases for the passing cranes which results in an equal average. The standard deviation for the no passing cranes increases again. The maximum delay on average has increased to 494 seconds.

	
	Average properties delay

	Crane configuration/ assignment rule
	Delay per order (s)
	Standard dev.(s)
	Max. (s)
	Orders delayed (%)

	No passing cranes / NN (5)
	6.75 
	30.2
	368
	10.4

	No passing cranes / NN (6)
	7.14 
	33.8
	494
	10.7

	
	
	
	
	

	Passing cranes, linked / NN (5)
	7.34 
	21.2
	199
	15.8

	Passing cranes, linked / NN (6)
	7.14 
	21.4
	210
	15.0


Figure 5-8: Average properties of delay using the nearest neighbour rule, selecting nearest of the first 5 or 6 orders

Entire terminal operations

We aim to assess the new configuration of passing cranes on their performance and behaviour. Within terminal operations performance is determined by the productivity of the QCs and at the same time the ability to reach acceptable service times for landside operations. In this part we will present some order assignment concepts developed for the passing cranes configurations and compare them for different aspects.

5.1.5 Model assumptions
Before we will further discuss the assignment concepts and experiments we will first present the assumptions and decisions made for the entire terminal model.

Operational assumptions:

· Every loading order for waterside, and pick up order on landside is located in the stack yard.

· Every container unloaded from a truck or a ship is placed in stack.

· The AGV assignment is done in such way, supporting the QCs load and unload plans. 

· Loading a ship is done according to a fixed sequence.

· The cranes and AGVs are in operation all the time, no breakdowns occur.

· No housekeeping moves are done during the experiments. Since housekeeping moves are only done in quiet times and the experiments cover high workloads, they will not occur.

· A pre-positioning move is only done when no order could be processes from the order list. Only containers that are located over 9 bays from the waterside transfer point are considered for pre-positioning and moved to a bay closer to the transfer point.

· When a crane has started a particular move, productive, shuffle or pre-positioning, this move has to be finished. This means that a move cannot be interrupted; assignment is irreversible.

· The crane that starts initially on the waterside, crane 1, is the smaller crane. Crane 2 that starts initially on the landside is the larger crane. The smaller crane is faster and therefore chosen to be on the waterside.

Parameter specification:

· The stack yard consists of 8 stacks, each 10 wide, 40 TEU long and with a possible stacking height of 4 containers.

· Initial stacking filling rate is 70%. The initial stack is equal for all experiments.

· All transfer points at both ends of the stack contain 4 lanes for interchange with AGV or truck.

· Interchange between the crane and trucks takes 30 seconds. Between the crane and AGVs interchange takes 10 seconds.

· QCs have an average cycle time of 90 seconds.

· The ratio of pick up/delivery orders for trucks is 0.5.

· The ratio of load/unloading moves for the waterside is 0.5.

5.1.6 Order assignment 

The problem of order assignment to the cranes within a stack operating in a terminal needs a different approach then we have seen before in the isolated stack. A few earlier mentioned aspects have to be taken into account now of which the most important is the loading sequence of containers at the QCs. But also the unloading orders on the waterside are important, because it frees an AGV to process a new order. 

To come to an effective assignment and prevent deadlocks, a form of synchronisation to the planning of the AGVs that follows the sequence of QCs load plans, has to be done. To support this, first a selection of orders is made that can be considered as possible next order excluding the ones that should not be assigned yet.  This is done according to the following rules:

· Only the load and unload orders on the waterside are considered that will be picked up or delivered within 10 minutes.

· When more than one order for a QC is available, only the order for that particular QC coming first in sequence is considered.

· A landside order is only considered when the truck has arrived.

· When there is an unload order arriving on the waterside, and all the loading orders for the waterside listed are not assigned yet to an AGV, no loading order may be done. 

· If there is a loading order available that has been assigned to an AGV, no loading order is selected that is not assigned to an AGV.

· When a loading order still needs a shuffle to be done before it can be retrieved, only the first shuffle is selected.

Extra rule for the case that both cranes can serve the transfer point:

· When the other crane is doing a waterside order, this crane is only allowed to do a waterside order if the container of the other crane has been assigned to an AGV. Because only then it is certain that the transfer point will become free in a short while.

After this selection the following three cases are possible:

· When no order left to do:  there is checked if a pre-positioning can be done. 

· When only one order left: this order is processed. 

· When more than one order left: one order needs to be chosen and assigned to the crane. This is done according the chosen assignment concept.

5.1.7 Assignment concepts
The assignment concepts are kept simple, to come to a quick implementation. We are not aiming for optimising the assignment, but to get some insight in the influence of different approaches of order assignment for passing cranes on the terminal performance. The following three assignment concepts have been implemented:

Linked cranes  (linked DT)

In this concept the same approach is used for the assignment as is used for the no passing cranes in the existing model.  Both cranes stay linked to a transfer point. Both cranes carry out the shuffle moves, but the landside crane has priority to do them. Main factors in assignment are due times. Decreasing empty travel distances is not tried.

Unlinked cranes (unlinked NN)

The second approach is to unlink the cranes from a transfer point, so they can serve both waterside and landside transfer points. This makes each order executable for each crane. To deploy the cranes in an efficient way though next to due times, empty travel distance is an important factor in assignment.  
Waterside support (linked SUP)

In general, waterside moves are considered more important than landside moves. With the passing cranes configurations both cranes are able to execute waterside orders, but only one crane at the time. We consider a support concept where crane 1, stated as the initial waterside crane, will only do waterside orders, including waterside shuffle moves and crane 2, as stated the initial ‘landside crane’, has a supporting role on the waterside when no urgent landside orders are available.  Only when an order is not very urgent in time, the empty travel distance becomes an important factor.

How the different concepts are expressed in the simulation model is explained in Appendix E.

To make a sound comparison the different assignment concepts are assessed using two different scenarios:

· The first scenario represents a regular but busy operation. There is a constant full maximum demand on the waterside of 40 moves on average per hour per QC. The demand on the landside for the 8 stacks consists of an average of 20 trucks per hour.

· The second scenario represents peak level, where demand on both waterside and landside of the stacks is high. QCs are set on a constant full demand of 40 moves on average per hour. The arrival rate on the landside is on average 80 trucks per hour.

The number of AGVs used has a large influence on the performance of the waterside operations. The more AGVs the more containers can be assigned and transported at the same time. They are expensive though and an increase of AGVs makes collision free routing harder. Therefore we have varied the number of AGVs between 4, 5 and 6 AGVs on average per QC for a further comparison. 

5.1.8 Output

The main output is the terminal performance expressed in QC productivity (mph). In stack productivity the productive moves, express the containers that have been handled at the transfer points, and are therefore a direct translation of the QC productivity. But since the different systems, using the different crane configurations and assignment concepts handle the loads differently, we find it interesting to observe the work distribution within the stacks.

5.1.9 Results

All experiments are done under the same circumstances except for the order assignment for the cranes. Therefore the average results found are due to the different assignment concepts.

The results of experiments with the existing model for cranes that cannot pass are used as a benchmark. The results for the different assignment concepts for passing cranes are compared with this benchmark.  

Each simulation run contains 8 hours of simulation. The first hour is used as start up time and thus is not considered in the results. For each experiment 8 runs are done from which the following average results are obtained.

Appendix F shows the view of the simulation model when running.

QC productivity

Figure 5-8 and 5-9 show the average QC utilisation and the net productivity levels achieved on average for the QCs for the low landside workload, Figure 5-10 and 5-11 for the high landside workload. Between brackets the standard deviations are given. 

[image: image18.wmf]Average truck handling times 

(80 trucks)

4.9

3.6

5.2

6.8

0

1

2

3

4

5

6

7

8

9

10

pick-up average

 delivery average

handling time (min)

No passing

passing/linked SUP

Figure 5-8:  QC Utilisation with low landside workload 

The differences found in performance are very small, but they show some tendencies. The passing cranes using the unlinked NN concept or linked SUP concept slightly outperform the no passing cranes independent of the number of AGVs available. They also outperform the linked DT concept independent of the number of AGVs. With an increasing number of AGVs, the productivity level rises for all concepts. With the maximum number of 6 AGVs, the unlinked NN concept outperforms the linked SUP concept. The linked DT concept performs the worst in productivity level achieved on average. 

	Net QC productivity

(Low landside workload)
	Number of AGVs per QC

	
	4
	5
	6

	No passing
	30.7 (1.75)
	32.8 (0.91)
	35.3 (0.91)

	Passing / linked DT
	29.8 (0.68)
	33.4 (1.25)
	34.5 (1.65)

	Passing / unlinked NN
	30.8 (0.66)
	34.1 (1.04)
	36.6 (1.07)

	Passing / linked SUP
	31.0 (0.84)
	34.6 (0.92)
	36.0 (0.81)


Figure 5-9: Net QC productivity with low landside workload

 The differences found in productivity for the higher landside load scenario are small too.
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Figure 5-10:  QC Utilisation with high landside workload

The linked SUP concept comes across as the performing the best. Also in this scenario the passing cranes using the unlinked NN concept or linked SUP concept outperform the no passing cranes independent of the number of AGVs available. They also outperform the linked DT concept independent of the number of AGVs although the linked DT concept seems to perform slightly better, relatively to the other configurations, than in the scenario with the lower landside demand. 

	Net QC productivity

(High landside workload)
	Number of AGVs per QC

	
	4
	5
	6

	No passing
	28.2 (1.51)
	32.7 (1.35)
	34.0 (1.28)

	Passing / linked DT
	29.0 (1.07)
	32.2 (1.56)
	34.6 (1.77)

	Passing / unlinked NN
	29.8 (0.66)
	33.5 (1.07)
	35.0 (0.84)

	Passing / linked SUP
	30.7 (1.09)
	33.8 (1.07)
	35.8 (0.81)


Figure 5-11: Net QC productivity with high landside workload

With this higher landside demand scenario, the unlinked NN concept does not outperform the linked SUP concept anymore, when having 6 AGVs. We expect that the high demands on both sides make the cranes travel a lot, which results in the relatively lower performance. 

The standard deviations found are small. No real tendency can be found in the values.

Distribution of work within stacks.
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The distribution of work within the stack is how the loads are handled (by which crane). In each configuration this is done differently. The presented results are the average numbers found when having 24 AGVs in the system, so when the maximum productivity is reached.

Figure 5-12: Stack productivity considered per crane under low landside workload

Figure 5-12 shows the productive moves, which determine the productivity of the stack. Indeed they show a direct translation of the QC performance in the waterside performance of the stacks. The differences per stack are small. 

	Productive moves per hour

(Low landside workload)
	Stack side

	
	Landside
	Waterside

	No passing
	2.6
	17.8

	Passing / linked DT
	2.4
	17.2

	Passing / unlinked NN
	2.5
	18.5

	Passing / linked SUP
	2.5
	18.2


Figure 5-13: Productivity cranes per stack side

We see the landside crane gain in the passing linked SUP system (5 productive moves on the waterside average per hour) compared to the landside cranes of the no passing and linked NN systems. But the waterside crane has to give in on the productive moves. Therefore on the average, the total waterside moves do not differ so much.

[image: image21.jpg]ManagementControl

© ; .
| - L@
s : £ -
3 : 5 il
3 . 2 [
oS ' i1} =
] ; 2 T
s : s >
I e - g .
(5] P 5 i
i (0] H
B o :
8 . .
g . .
§ . :
b=t . ;
H L !
z = :
< T 3 .
s o $ :
] : 3 :
= i g 9] i
-] £ i’ ° i
S s . 2 |
g . 3 .
2 » E] .
s * § ”
© . |
n L f |
= ; :
& : ;
3 : :
g | | |
£ ' 7 |
3 : :
-4 i .
: = .
: % .
8 2 = f hd i
' 3 2 ] ] :
o 4] =) le i = i
[ ° £ i w i
@ = = i i
S £ 3 ! :
5 38 B ] [
o I B
-] i
= i
§ .
g .
= ] P
g i H-}
w : [
' L8
i P
] LT
: -
. . "
““““““““ c : - 8
2 ! [T 5
< : L3 5 £
[ i i E £ K3
B ! L5 % 2
: x : 22
5 = s : L% 3
° 2 : ;
S 2 = ] :
b 2 5= > : .8 s
] e S Kl : L3 2
£ |~ Q 3 ; L8 3
—= 5 o] @ & : o2 £
16} 3 3 S : iE £
il o = € i i B s @
=] 5 5 ] 2
= = £ i e 5 s
nw © : . S
o] ] :
S ] :
© i i
o , ,

LEGEND
>




Figure 5-14: Non productive moves carried out per crane

Then Figure 5-14 shows the rest of the moves carried out by the cranes, the non-productive moves. It shows for the linked configurations, the no passing cranes and linked DT concept for passing cranes, a lot of pre-positioning moves for the landside crane (crane 2). This is explained by the fact that the landside crane has a low workload and the only way to support the waterside doing a lot of pre-positioning. In the unlinked NN and linked SUP concepts both cranes together also perform a lot pre-positioning moves, which they still do when no productive move can be done on the waterside.

In Figure 5-15 we see the average work done, per crane in each system. It can be seen that in the unlinked NN concept and the linked SUP concept the workload can be much better spread out over the two cranes (landside crane can do more).
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Figure 5-15: Distribution of moves in stack
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The distribution in the productive moves for the higher landside workload looks familiar to 

Figure 5-16: Stack productivity considered per crane under high landside workload

the one we have seen for the case with a low landside load. The higher landside load has led to a decrease in support of the landside crane to the waterside in the linked SUP concept. It is too busy to give much support.

	Productive moves

(High landside workload)
	Stack side

	
	Landside
	Waterside

	No passing
	10.2
	17.1

	Passing / linked DT
	10.3
	17.6

	Passing / unlinked NN
	10.3
	17.6

	Passing / linked SUP
	10.0
	18.0


Figure 5-17: Productivity cranes per stack side

In the distribution of the non-productive moves, as shown in Figure 5-18, we see an overall decrease in the number of pre-positioning moves compared to the low landside load scenario, especially for the cranes that are not linked to a transfer point. The cranes carry out more productive and rehandle moves for the landside, so that hardly any time is left to do any pre-positioning moves. The proportion pre-positioning moves for the landside crane of the linked systems is still bigger than for the other systems. For the other systems the pre-positioning has almost completely disappeared and is replaced by the extra number of productive moves and rehandles [image: image24.wmf]QC Utilisation in percentage of potential productivity 

(80 trucks)

71.0

79.1

82.3

76.0

82.6

86.5

65

70

75

80

85

90

95

4

5

6

Number of AGVs per QC

QC utilisation (%)

No passing

passing/linked SUP

for the landside.

Figure 5-18: Non productive moves carried out per crane

With the higher workload on landside, the inequality in workload for the cranes has almost disappeared. Figure 5-19 shows that now in all the different systems the workload is divided quite equally over the two cranes. 
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Figure 5-19: Distribution of moves in stack
Truck service times
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The truck service times, as shown in Figure 5-20 and Figure 5-21, show a few tendencies. Pick-up averages are higher than delivery averages, which can be explained by the extra time that is 

Figure 5-20: Truck handling time averages, with a low landside workload
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Figure 5-21: Truck handling time averages, with a high landside workload

caused by shuffle moves when they are not done yet at arrival of the truck. For all systems the averages rise with an increasing workload. An increase is seen for the passing cranes compared to the no passing configuration. The service times reached by the linked DT concept come closest to the service times of the no passing configuration. Landside operations seem to suffer when both cranes can serve both transfer points. But the average handling time is still within 5 minutes, which is very acceptable.

5.1.10 Extra experiments

To get more insight in the behaviour of the different systems, some extra experiments have been done. For these experiments we only present the results found for the stack performance, thus the QC productivity and truck handling times.

Increased workload

Terminals are dealing with an increase of containers to be handled. Although the workload we have used in the scenarios is seen as high, workload for stacks in the future is expected to increase. Therefore we have done an extra experiment to see how two different systems are able to deal with this increase. We present a comparison between the best performing passing cranes concept, the linked SUP concept, and the no passing cranes configuration. 

Instead of 8 stacks, 7 stacks are simulated with the high workload on both water and landside. The initial stack filling is equal for both systems.  The following results are obtained. 
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Figure 5-22: QC Utilisation with a higher workload

The passing cranes configuration again outperforms the no passing configuration on the waterside operations, with about the same rate. Figure 5-22 shows an about 4% better QC utilisation is reached. Figure 5-23 shows that compared to the lesser workload experiments, with 8 stacks, the QC productivity decreases, especially when the number of AGVs increases. Where 6 AGVs are used per QC the decrease is about one move per hour. 

	Net QC productivity


	Number of AGVs per QC

	
	4
	5
	6

	8 stacks
	
	
	

	No passing
	28.2 (1.51)
	32.7 (1.35)
	34.0 (1.28)

	Passing / linked SUP
	30.7 (1.09)
	33.8 (1.07)
	35.8 (0.81)

	7 stacks
	
	
	

	No passing
	28.4 (1.15)
	31.7 (1.45)
	32.9 (1.15)

	Passing / linked SUP
	30.4 (1.13)
	33.0 (0.58)
	34.6 (0.78)


Figure 5-23: Net QC productivity for the increased and earlier workload
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For the landside operations of the no passing configuration, the truck handling times show a very small increase compared to those found with the lower workload (see Figure 5-21). For the passing configuration though, the truck service times show a bigger increase. In more occasions the waterside will be supported which leads to a lesser service at the landside. 

Figure 5-24 Truck handling time averages, with a higher landside workload

Stack surface

Most terminals in Asia and Europe are dealing with a lack of space. The passing cranes configuration takes more space in width (42.5 m) than the no passing configuration (36.0 m). Thus in terms of stacking surface, less stacks with the passing cranes configuration can be used compared to the no passing crane configuration. Therefore we present a comparison where the stack surface is taken into consideration. We present a comparison where 8 stacks (288 m) are used for the no passing cranes configuration and 7 stacks (297.5 m) for the passing cranes configuration with the linked SUP concept. We note that this is not completely a  sound comparison. The resulting surfaces are not equally sized, and the number of AGVs per stack is different for the different stack configurations. Next to this, we consider the less stack capacity to be lost. However this can give us an idea in performance.  

Figure 5-25 and 5-26 show the QC utilisations reached for the two different configurations under the different landside loads.
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Figure 5-25: QC Utilisation when taking into account the stack surface, with a low landside workload
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 Figure 5-26: QC Utilisation when taking into account the stack surface, with a high landside workload

The passing cranes still achieve a higher performance on the waterside in most cases, even when dealing with the same workload with 14 cranes instead of 16. Only when having a lower landside load and 4 AGVs per QC this is not the case. The difference though, when performing better, has decreased.

	Net QC productivity


	Number of AGVs per QC

	
	4
	5
	6

	(Low landside workload)
	
	
	

	No passing (8 stacks)
	30.7 (1.75)
	32.8 (0.91)
	35.3 (0.91)

	Passing / linked SUP (7 stacks)
	29.8 (1.13)
	33.6 (0.58)
	35.7 (0.78)

	(High landside workload)
	
	
	

	No passing (8 stacks)
	28.4 (1.15)
	31.7 (1.45)
	32.9 (1.15)

	Passing / linked SUP (7 stacks)
	30.4 (1.13)
	33.0 (0.58)
	34.6 (0.78)


Figure 5-27:  Net QC productivity when taking into account the stack surface
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For the truck handling times, Figure 5-28 and 5-29 show the difference for the two configura 

Figure 5-28: Truck handling time averages, with a low landside workload

tions, the difference has become bigger. The higher workload for the passing cranes, compared to the no passing configuration, is expressed in the higher handling times for the landside.
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Figure5-29: Truck handling time averages, with a high landside workload 

Large crane operating on the waterside instead of the landside
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For the foregoing experiments we decided that the crane (initially) working on the landside, is the larger one. The larger crane is a bit slower than the smaller and therefore chosen to be working on the landside transfer point. To see if this decision has any influence on the stack performance, an extra experiment is done, where the waterside crane is the slower and bigger one and the landside crane the faster and smaller one. We consider that a possible difference will only be found when the cranes are linked to a transfer point. The following results are conducted using the linked SUP concept.  

Figure 5-30: QC Utilisation for the two different combinations of cranes with a low landside workload
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Figure 5-31: QC Utilisation for the two different combinations of cranes with a high landside workload

The differences found in waterside productivity are minimal. In general the combination that was used first, performs slightly better.

	Net QC productivity


	Number of AGVs per QC

	
	4
	5
	6

	Low landside workload
	
	
	

	Large crane on waterside
	31.0 (0.84)
	34.6 (0.92)
	36.0 (0.81)

	Large crane on landside
	30.4 (1.81)
	34.3 (0.69)
	36.1 (0.56)

	High landside workload
	
	
	

	Large crane on waterside
	30.7 (1.09)
	33.8 (1.07)
	35.8 (0.81)

	Large crane on landside
	30.9 (1.09)
	33.5 (0.69)
	35.5 (0.48)


Figure 5-32: Net QC productivity for the two different combinations of cranes with a high landside workload

[image: image36.wmf]Moves per crane for the different crane systems

(20 trucks)

1.2

1.3

1.2

1.2

8.5

9.0

5.9

4.1

8.4

1.7

9.3

8.2

5.0

3.5

3.1

0.8

1.3

1.6

1.7

0.9

1.1

1.4

6.0

6.1

2.5

3.5

2.0

4.7

0.7

1.3

0.7

1.3

5.0

1.3

1.2

0.7

0

2

4

6

8

10

12

14

16

18

20

 waterside crane 

 landside crane 

 waterside crane

 landside crane

 crane1 

 crane2 

waterside crane

 landside crane

No passing                  |                Passing/Linked DT              |             Passing/Unlinked NN              |          Passing/ Linked SUP

moves (mph)

prepos waterside

rehandle waterside

rehandle landside

unloading waterside

loading waterside 

unloading landside

loading landside

In Figure 5-33 and 5-34 the truck handling times are shown. Again the differences are minimal for the both combinations. With the high landside workload, the handling times on average are even equal.
Figure 5-33: Truck handling time averages, with a low landside workload
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Figure 5-34 Truck handling time averages, with a high landside workload

6 Concluding Remarks and further research

This research has been initiated to study the new configuration where cranes can pass each other.  We started with the question: 

What is the influence of the passing cranes configuration on the performance of the stack yard compared to the no passing configuration?

The results found through the simulation study, using the presented assignment rules, give rise to the following answers:

· The passing cranes configuration is performing slightly worse than the no passing configuration, when we observe the productivity of a stack independently from the other terminal operations. The difference is minimal though.

· With the passing cranes operating in the entire terminal an overall better performance on the waterside operations can be achieved. Then the landside handling time increases a bit.

Beside these answers, conducting the simulation study has given us further insight in the following operational issues:

· Since the trolley of the bigger crane needs to be brought to the side to be able to pass the other crane, in most cases time is lost when this movement cannot be carried out without disturbing the gantry movement. Therefore passing leads to an increase of small delays compared to the no passing cranes. The extreme delays that occur in the no passing configuration because of hindering of the two cranes decrease though. 

· Passing cranes gain in flexibility, since both cranes are able to serve both sides. The assignment concepts for the stacks in the full terminal operations have shown that when using this flexibility, the system with passing cranes is better able to spread the workload over the two cranes. Workloads on the different transfer points fluctuate. In the no passing configuration the landside crane can only support the waterside by pre-positioning containers and doing the shuffles. In the passing configuration, as productive moves can be done by both cranes, the landside crane can give support in productive moves as well which makes the system with passing cranes able to support a higher workload on the waterside. For the landside operations though, this means that the former landside crane is not dedicated anymore to the landside only, which causes a bigger chance that the crane is occupied or has to come from far, which leads to a higher response time on average. The increase that we found in truck service times though, was around 1 minute only, which considering the time a truck spends in the terminal is not too much.

· Performance can be gained by decreasing the empty travel distance. Although the sequence of loading and arrivals of AGVs must be considered during assignment, there are cases that time can be spared through prioritising orders of which the pick up location is close to the current location of the crane. For the no passing cranes though, this can sometimes lead to an increase of hindering when the selecting of a close location makes that crane keep on hindering the other crane. With the passing cranes configuration in most cases this will be overcome by a passing the other crane.

· The concept where each crane is dedicated to a transfer point and the former landside crane gives support to the waterside crane when needed, performed best on average. From the moment the landside crane carries out productive moves for the waterside transfer point, hindering the waterside crane is insuperable working on the same area. But still an advantage is found in the resulting productivity. The disadvantage of hindering and so time-loss occurring clearly is overcome.  

· The concept of unlinking the cranes, letting both cranes serve both transfer points, performed the worst in the isolated stack module. In the entire terminal operations though, good results were found. As stated before workloads on the transfer points are fluctuating, which was not the case in the isolated stack module. Especially when the average workload is much higher on one transfer point, the unlinked concept gives the opportunity of mutual support and decrease of travel distance. When the workloads on both transfer points are high on average, more travelling and passing has to be done, which causes more time-loss and a lesser performance. 

We presume the following:

· A further gain in performance can be achieved elaborating on the assumed assignment concepts, when a better collaboration of the two cranes can be achieved. As modelled in the simulation model the decision to execute a certain order is done real-time for each crane individually. For the no passing configuration, where both cranes have their own individual source of orders to carry out, making this decision individually does not affect the performance really. But with the new passing configuration, where both cranes can draw on the same source of orders, the decision to carry out a certain order should take into account the other crane’s actions to come to a real collaboration. E.g., when the waterside crane is working on a loading order, should the landside crane then support the waterside by carrying out an urgent unload order and travel all way up to the waterside transfer point? When the waterside crane has soon its order finished, it will be at the transfer point already and it can do the unload order without loosing any time by travelling and the answer is no. On the other hand, if the waterside crane is still travelling to the pick up position of the container and if it is located far from the waterside transfer point, it could take quite some time before it will be able to do the unload order. Then it might be better to let the landside crane give some support, and the answer is yes. Taking a decision without considering at all the current status and position of the waterside crane does not lead to a full utilisation of the potential of collaboration. 

There are few issues that we would like to propose for further research:

· Additional research should be done for crane assignment. The proposed assignment concepts have given us more insight in the impact of different approaches on the stack performance but do not cover the full potential of collaboration of the two cranes. E.g. further research could be carried out to see how the state and position of the other crane could be integrated in the assignment rules to further optimise the terminal performance. 

· This study only focuses on terminal operations where transport between QCs and stack yard is done by AGVs. When this is done by another type of equipment that is able itself to put down or pick up a container by itself, a new situation occurs at the transfer points. Then the dependency between crane and vehicle disappears, which gives more freedom in order assignment. Further research should be conducted in assignment concepts for the passing cranes configuration in this terminal configuration, to see the effect on the terminal performance.

· The extra lane for AGVs to drive and interchange containers with the large crane has not been implemented in the model. The implementation of this extra interchange zone gives rise to questions like when to interchange at the waterside transfer point and when at the transfer lane. How to control efficiently cranes and AGVs. 

· For the assignment of the no passing cranes, research could be done in the problem of prioritising moves. In the current assignment concept, the approach is to avoid hindering. We propose an approach where priority rules decide in case of hindering which crane gives way to the other crane. An idea could be to give priority to a productive move over housekeeping or pre-positioning moves.

Thus summarising the passing cranes configuration has advantages and disadvantages compared to the no passing configuration. The biggest advantage is flexibility in assignment, which results in better waterside performance. Also the passing cranes gain in reliability. Disadvantages are the complexity it gives to utilise the flexibility in an efficient way and the significant loss in stacking capacity. A cost-benefit analysis must be conducted to give insight on the financial aspects of the two crane configurations. 
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Appendix A
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In Figure A-1 is the basic structure shown of the most important methods and table files as used in the crane model. Then a plain description how they function is given.

Figure A-1 Important methods and tables in crane model and their relations

When a crane is started in startCranes, through executeOrder the movingPattern is determined and written in table TargetPosTab. In this table each line consists of a description of a particular movement for a vehicle, listed in the order of execution. Each line (and so movement) contains a table where the preconditions of that particular movement are noted. To start the crane, for each vehicle checkTable is called, where is checked in table ControlStatus if all the preconditions for this particular action are fulfilled. If this is true, startTask of that vehicle is being called where a loop for CalculateSpeed is started that manages the movement of the vehicle dynamically. If it is not the case, the vehicle is set to wait in table WaitingTab. When the status of a precondition changes during movement, it is changed in the table ControlStatus through GenerateEvent . In changeCondition is checked if changing this precondition makes another movement of a waiting vehicle possible, which can be started by calling checkTable. When a movement is ready, through Ready  the next movement of that vehicle is scheduled by calling checkTable. If the preconditions of that movement have not been satisfied yet, the vehicle is set to wait. Every time a vehicle is started is updated with which number of sequence, that belongs to a particular movement, the system is dealing. This sequence is registered in table CraneChain and enables the system to recognise movements and to control the sequence. 

Appendix B
Full description of the functioning of collision avoidance in the crane model, with the two cranes called crane A and crane B.

· If crane B is moving towards crane A, and the claimed areas are in conflict, it means that it is not possible for both cranes to reach their target positions at the same time.  One of the two cranes has to make space for the other crane so that  it can reach its destination. If it needs to turn around for this, it will first get the area granted needed to stop. When this movement is finished, a new movement the other way will be started. If it can go on, it will get the area granted up until the front boundary of the granted area of the other crane.

Which crane gets priority, depends on the strategy used. The strategy formally used was first claims first, so the crane that claims an area first, will get it. The strategy we have implemented is to minimise the hindering, which means that the one, who loses the least time making space for the other, will do so.  

· If crane B is moving in the same direction, and the claimed areas are in conflict, it means that crane A is ‘following’ crane B, and crane B is riding somewhere in between crane A and the target position of crane A. As long as crane A stays behind crane B there is no danger of collision. So it gets the area granted up until the back boundary of the claimed area of crane B.

· If crane B is standing still and busy, and the claimed areas are in conflict, it means that crane A can only move up until the position where crane B is standing and not any further. The granted area will be up until the back boundary of the granted area by crane B.

· If crane B is standing still and idle, and the claimed areas are in conflict, it means that crane B stands in the way. Crane B needs to make space for crane A so that it can reach its destination. The granted area will be up until the back boundary of the granted area by crane B. And a gantry movement for crane B will be started.

Appendix C

Figure C-1 and C-2 present the specifications of movement for the cranes as used in the models. As stated before the larger crane of the passing cranes configuration is slightly slower than the smaller crane. There is a difference of 0.5 ms in the maximum speed that it can reach.

	
	Max. speed (ms)
	Acceleration (ms-2)
	Deceleration (ms-2)

	Gantry
	4.0
	0.35
	-0.35

	Trolley 
	1.0
	0.35
	-0.3

	Spreader
	1.0
	0.45
	-0.35


Figure C-1: Specifications of movement of no passing crane and smaller crane in passing configuration

	
	Max. speed (ms)
	Acceleration (ms-2)
	Deceleration (ms-2)

	Gantry
	3.5
	0.35
	-0.35

	Trolley 
	1.0
	0.35
	-0.3

	Spreader
	1.0
	0.45
	-0.35


Figure C-2: Specifications of movement of bigger crane in passing configuration

Appendix D
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Figure D-1 presents a flow diagram for the crane scheduling as being done in entire terminal model.

Figure D-1: The RMG-planning in the entire terminal simulation model.

Appendix E

Implementation assignment concepts in simulation model

To implement the assignment concepts the same basic structure is used, expressed in Figure E-1, which is a score and penalty system. Every executable order, resulting from the selection, is scored and the order that has the highest score is assigned to the crane.  Scoring is done regarding three issues: 

1. Urgency:  concerning the due time of the order. The urgency score is set to the difference in due time and the actual time.

2. Progress: concerning the state of the vehicles (AGV or truck) picking up or bringing the container. E.g., when the vehicle is arriving or waiting at the TP already, there is a progress score given to this order. 

3. Distance: concerning the distance between the current position of the crane and the pick up location of the scored order. The further away, the higher the penalty will be.   
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Figure E-1: The selection process of order.

In the linked cranes (linked DT) concept the score is purely obtained from urgency and progress score. In the unlinked cranes (unlinked NN) concept all three issues are scored.  The distance factor is high, which gives the distance importance. In the waterside support (linked SUP) also all three issues are used. To make the landside crane do the landside orders, the progress score on the landside is high. The distance factor is only higher, for not so urgent orders.

Appendix F
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Figure F-1 shows the 2-dimensional view of the entire terminal operations while the simulation model is running.

Figure F-1: The view of the entire terminal simulation model
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� A small deviation was found for the minimal time computed from the realised minimal time in the model. This deviation ranged from 3 seconds shorter to 3 seconds faster on an average cycle time of 70 seconds. Therefore, since we are more interested in the longer delays anyway, a delay is defined only as a delay when bigger than 3 seconds. Delays smaller than this value are considered not to be a delay but a deviation in measurement and considered zero for further computation.





PAGE  









































































1

[image: image42.jpg]Gantry

Crane claimes
i area untill target
i position

,,,,,,,,,,,,,,,,,,,,,,,,,,,, Collision Avoidance

oes claimed area Jre the cranes runnin Send away one of the cranes
conflict with claimed 9 to a position, so the other crane
towards eachother? : i
area other crane? YES YES can reach its target position.
Y ;
. Send away the blocking
Grant the claimed Is the 'blocking crane' crane to a position such Grant the available or needed
area compeletely doing anything? that this crane can area.
to the crane. reach its target position

crane, so that the claimed
areas do not overlap.

Grant biggest possible area to




[image: image43.wmf] 

Productive moves cranes

 

(20 trucks)

 

1.3

 

0.7

 

1.3

 

1.3

 

1.2

 

0.7

 

1.2

 

8.5

 

9.0

 

5.9

 

8.4

 

3.1

 

9.3

 

8.2

 

5.0

 

5.0

 

1

.2

 

0.6

 

0.5

 

4.1

 

1.7

 

3.5

 

0

 

2

 

4

 

6

 

8

 

10

 

12

 

14

 

16

 

18

 

20

 

22

 

24

 

No Passing

 

 Passing linked DT

 

 Passing unlinked NN

 

 Passing linked SUP

 

pr

od

uc

tiv

ity 

(m

ph

)

 

unloading waterside crane1

 

unloading waterside crane2

 

loading waterside crane1

 

loa

ding waterside crane2

 

unloading landside crane1

 

unloading landside crane2

 

loading landside crane1

 

loading landside crane2

 

_1148903779

_1151243772.doc


Productive moves cranes







(20 trucks)







1.3







0.7







1.3







1.3







1.2







0.7







1.2







8.5







9.0







5.9







8.4







3.1







9.3







8.2







5.0







5.0







1.2







0.6







0.5







4.1







1.7







3.5







0







2







4







6







8







10







12







14







16







18







20







22







24







No Passing







 Passing linked DT







 Passing unlinked NN







 Passing linked SUP







productivity (mph)







unloading waterside crane1







unloading waterside crane2







loading waterside crane1







loading waterside crane2







unloading landside crane1







unloading landside crane2







loading landside crane1







loading landside crane2












_1148894791.vsd

