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Abstract
Container terminals are struggling with ever-increasing 
volume, and are therefore searching for solutions to increase 
throughput capacity. On the other hand they target to increase 
their productivity on vessels in order to be able to handle bigger 
ships with larger call sizes in the same time windows. A terminal 
operating system (TOS) is playing a major role in today’s terminal 
operations, as it supports planning, scheduling and equipment 
control. More and more tasks are performed by the TOS – stowage 
planning, grounding decisions, equipment dispatching – and 
therefore, they need to be well tuned to the operation, which 
remains a terminal specific characteristic. Today, it still requires a lot 
of human intervention, whereas computers and control software 
would be more appropriate. What is really needed, and how can 
we ensure that it works before putting it in place? In this paper we 
discuss the type of software required, and a way to ensure that it 
will actually contribute to real-live performance in the terminal.

Making the equipment work: the crucial 
role of software in terminals operations
Introduction
The size of terminal operations is increasing with increasing 
volumes. This makes the human control over operations more 
complicated, and to a greater extent: impossible. Advanced 
control software may and can take over tasks that humans cannot 
perform, because they can optimise taking many more aspects, 

on a much longer time horizon into account, and much faster 
than a human can do. Furthermore, it can do it repetitively, with 
consistent quality, and without being dependent on the mood, 
and intelligence of particular human operators. This trend 
is taking place across industries: everywhere decisions become 
too comprehensive, computers change the role of the human 
operator; they filter information, analyse information and prepare 
decisions, or even make decisions. A good example is the anti-
collision software that is implemented in airplanes; if two planes 
are on a collision course, the on-board software will automatically 
adjust the height of one of the planes. The pilot can override this 
procedure, but in principle should not. 

However, the comprehensiveness and intelligence, as well as 
its degree of automation of today’s terminal control software 
– generally addressed as TOS systems – is not yet at the level 
that is needed to control large-scale conventional and automated 
operations. on the contrary, most operations still require a large 
deal of human planning, scheduling and even dispatching on 
a continuous basis. The result is that there is a large unused 
optimisation potential. In our practice we encounter terminals 
that change TOS parameters on a shift by shift basis, that change 
allocation filters, or assigning grounding locations in a manual 
fashion. Partly this is because of history – these are procedures 
that have been in place for a long time – partly this is because of 
the software itself. It has not proven to be capable of overtaking 
these tasks from human operators as efficiently and as cleverly as 
they do it.

Figure 1. Snapshot from the CONTROLS GUI, TBA’s emulation product.
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This article is about the software required to do these kind 
of tasks, as well as a proven way to make sure that the software 
actually delivers what is required. This approach we call ‘emulation’, 
and is based on 10 recent projects – all performed in the last 
three years – where new software has been tested and tuned 
(we’ll discuss these aspects later in the article) and made ready 
for go-live. For this purpose, TBA has developed a productised 
software tool, called ‘CONTROLS’ (which stands for CONtainer 
TeRminal Optimised Logistics Simulation), which can be applied 
for off-line experimentation with the Terminal Operating System 
(TOS, e.g. SPARCS from Navis, SPACE/Trafik from Cosmos, or 
CATOS from TSB), with which insight can be created and with 
which parameters can be fine-tuned during software development, 
commissioning, and during training and operations. 

The structure of this paper is as follows. First, the most 
important modules for performance optimisation of container 
terminal operations are described, followed by the additional 
modules required to make automated terminals operate efficiently. 
Then an approach for testing and tuning complex software is 
discussed, followed by our conclusions.

Key software to make operations efficient and productive
Terminal operating systems typically consist of two main parts: 
an administrative part, and a real-time control part. The focus in 
this article is on the real-time control part, which should have the 
objective to make sure that:

•  The right amount of equipment is deployed to deliver the 
required service levels, at minimum costs

•  The equipment has the highest productivity, i.e. shortest possible 
driving distances and least waiting times

•  The equipment is at the right time at the right place with the 
right container

•  Containers end up in the right place.

Although this seems pretty obvious, in practice, there are huge 
spillages of resources. The capability of resources – both equipment 
and operators – are barely used to a full extent. When we compare 
technical equipment specifications, i.e. what the machine can do 
when it continuously works, with the achievements under typical 
(well organised) operational circumstances, a graph as shown in 
Figure 2 results. A major gap is seen between the two, and a large 
underutilisation of resource capabilities. This has many causes, but 
one is the way resources are planned, scheduled and dispatched, 
which is to a great extent a manual process today.

Many argue that the dynamics in container terminals do not 
allow for look ahead pre-planning, and decisions can only be 
taken in real-time. Although the dynamics are definitively there, 
we argue that planning and scheduling with real-time adjustments, 
and considering uncertainty is possible, and beneficial.

So what do we need? Let’s start with equipment deployment 
planning, which is all about the expected workload on a shift 
by shift or day by day basis. The workload varies continuously, 
is however also quite predictable when pattern analysis is being 
performed. On the one hand we have workload generated by 
vessels, whose arrival times are accurately known four – eight 
hours before a shift begins. On the landside (rail, gate), the 
patterns may seem unpredictable by nature, but various analyses 
have shown, that quite predictable patterns can be determined. In 
other words, days in weeks and hours during the day are typically 
comparable in terms of volume, which is caused by external 
factors such as window times for delivery and receipt of goods, 
limited access to urban areas of trucks, limited driving times in 
the weekends, and so on. 

Furthermore, even truckers prefer to work dur ing the 
day, and like to be home for supper! Therefore, historical data 
analysis provides a very good prediction of gate volume, and 

therefore for the landside workload, as it merely concerns road 
traffic. For rail traffic, typically information about train schedules 
is also good enough to estimate the workload on a shift basis. 
The combination of the three (vessel operations, rail and gate 
traffic) provide a good basis for equipment deployment, when 
the equipment productivity is also known. Of course, additional 
constraints need to be taken into account – such as limited labour 
availability, minimum levels of fixed labour, rosters, etc – but 
in general this approach will provide a better balance between 
demand and supply.

Another tool that impacts productivity and terminal efficiency 
to a great extent is stowage planning. As more and more vessels 
are operated at the same time, by an increasing number of quay 
cranes, the impact of the stowage plan of one vessel as well as the 
crane split (which crane handles with hatch in which sequence) 
on other vessels, and on the workload distribution throughout 
the yard is paramount. And, as the situation continuously 
changes, the stowage plan should not be a static plan, but rather 
dynamic, adjusted (automatically) to the availability of the 
particular containers in the yard. The impact of one quay crane 
breakdown, or slowdown and the work queues of other cranes 
must be analysed and processed in the stowage planning to avoid 
clashing, and consequential waiting times. Today’s work practices 
– i.e. single vessel planners, planning particular vessels almost in 
isolation – as well as a lack of comprehensiveness of some of the 
available tools – the inability to re-plan on the fly, the limitation 
to one vessel when analysing the impact on other vessels – lead to 
clashes in the yard, especially in terminals beyond say one million 
containers annually. The problems resulting from this are typically 
solved adhoc and in a reactive way, where pro-active planning and 
clash mitigation should be practiced.

The third software tool that is required for efficient operations 
is a grounding tool, which automatically assigns positions to 
containers in the yard considering all information about the 
container itself, about other containers already in the yard, 
preferably about expected containers, and about the availability 
of yard equipment at the targeted locations. This considering 
includes all the relevant constraints in terms of segregation, wind 

Figure 2. Technical equipment specifications v achievements (under typical 
operational circumstances)
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impact, and such. The module should allow for high density 
without a loss of performance; high density in order to maximise 
the terminal’s throughput capability. 

Today’s products have these kind of modules available, however 
the way they are used in practice do not use the modules’ 
capabilities to the full extent. Users still stick to traditional stacking 
schemes, with some exceptions, especially in straddle terminals, 
where controlled random stacking is applied (with success). The 
explanation for the limited application of these strategies must 
be found in the inability to predict what will happen, and the 
associated risk. Furthermore, given the little experience, the 
tools may not be powerful enough to cope with the increase 
complexity. Finally, looking ahead – i.e. considering the containers 
about to arrive, both waterside and landside is typically not done, 
so projections of yard development, and pro-active action as a 
result, are difficult to make.

The fourth software tool that we envision, coordinates, 
schedules and dispatches all the yard moves to the various pieces 
of yard equipment, such that the yard equipment is utilised well, 
and containers arrive in the right sequence at the right time at 
the quay crane by means of the horizontal transportation system. 
This requires continuous monitoring of the state of the horizontal 
transportation system, as well as the pipeline of work to and from 
the quay cranes, and other points of work (road, rail cranes, etc.).

The fifth software tool that we want to mention in this article, is 
an automated dispatching tool. Typically, equipment and drivers are 
working in a dedicated way, they transport containers from and to 
a single quay crane, handle the gate traffic, serve the rail, or perform 
housekeeping moves. However, none of these groups of work have 
a constant flow: quay cranes handle hatch covers, move from hatch 
to hatch, or simply breakdown, the gate traffic varies constantly, and 
also the rail varies when a train arrives or departs. Pooling groups 
of equipment allows minimising idle time of the equipment and 
their operators. Although some of the TOS vendors already offer 
these tools (e.g. Prime Route from Navis), they are not widely 
spread nor very successful. This is, in most cases, caused by a lack 
of flexibility in the labour agreements, but can also be found in the 
way the parameters of these tools have to be configured.

Summarising, there is still a substantial gap between the 
capabilities of today’s softwares, and what is needed to close 
the gap of efficiency between equipment capabilities and their 
performance today. A gap that requires new tools on the one 
hand, and fine-tuning of existing tools on the other hand. (For the 
latter, we discuss its applications in the section ‘Advanced testing 
methods to test and tune complex software’ ). 

Automated terminals: even more software 
required
The few fully automated terminals that exist today – ECT in 
Rotterdam and CTA in Hamburg, jointly handling more than 
6 million TEU - are running, to a large extent, tailor-made in-
house built software solutions. Although this does not per se mean 
that the software quality is low, it definitely adds to the cost and 
lead-time of the development, as such, negatively influencing 
the risk of such terminals. Standardised software for these types 
of terminals – equipped with automated stacking cranes and 
automation horizontal transportation – is yet inexistent. 

The new Euromax terminal, also built in Rotterdam, will be 
the first to run a standardised software solution, jointly delivered 
by Navis and TBA. The Navis product will build on-top of the 
software already running at APM’s facility in Portsmouth Virginia, 
a semi-automated terminal running automated stacking cranes as 
well. There, the horizontal transportation is conventional though. 
The question is: what is really required in addition that makes it 
difficult to run a fully automated terminal? In brief, we try to 
answer that here. 

First, we need a fleet management system for horizontal 
transportation. TBA’s TEAMS product is an example of this. It 
is through a development based on the software running at CTA 
since 2002, and fulfils the following functionalities:

•  Routing of automated vehicles such that the vehicles arrive 
in time, and in sequence at the r ight destination (quay 
crane, stacking crane, fuelling station, maintenance area, 
or another container exchange point). The routing has to 
cope (automatically) with the infinite number of possible 
configurations of quay cranes, and the terminal constraints.

•  Collision avoidance between vehicles, replacing the driver’s 
eyes. This under various circumstances, including fog, slippery 
weather, and heavy rain or even snow.

•  Deadlock avoidance (and or resolving), where one vehicle waits 
for another and vice versa. A complicated and typical problem 
for vehicles using the same scarce space and not able to brake 
the rules.

•  Exchange of containers with other (possibly non-automated) 
equipment (quay cranes, stacking cranes, reach stackers).

•  Management of the interchange zones, especially in case of more 
complex operations, such as tandem lift, or dual cycling, but also 
in case of loading with flexible sequence.

•  Handling errors and exceptions, allowing for access of maintenance 
staff into the automated area, and informing operators about the 
nature of errors, and the right corrective actions.

In addition, software is required to run the automated vehicles. 
This so-called on-board software navigates the vehicles and 
controls the drives and steering. As the greatest precision is 
required, under all circumstances, this is not a simple exercise. 
Furthermore, the same two software systems are required for the 
stacking cranes (fleet management per stack module and on-board 
crane software), as well as the semi-automated quay cranes, that 
have a second (automated) trolley. 

Also, at the level of the TOS, more intelligence is required 
to fully utilise the capabilities of a fleet of (very) predictable 
machines. Where, in conventional operations, the reliability 
of operators may be questionable, the automated machines 
are quite reliable, which allows for more optimisation of the 
dispatching, reducing empty travel, and spreading the workload 
over the entire fleet. In addition, the way the yard is organised 
requires more intelligence of the TOS: one has to keep in mind 
that the entire fleet of yard cranes and horizontal transportation 
is available at low cost at any given time. This provides great 
opportunity to do preparation work in less dense operations, or 
by providing additional machines to the vessel operation. 

In the recent studies we executed, we could clearly observe 
an increase of the quay crane’s productivity during the quieter 
operations (say 20 per cent below the peak or less). In addition, the 
ability to perform housekeeping is almost endless, at relatively low 
cost (fuel and electricity). This though, requires clever algorithms 
in the TOS to perform those moves in time, and based on the 
right criteria. So far, these opportunities are barely exploited.

The software for automated terminals is far more complex 
than for conventional terminals, and therefore we consider it 
mandatory to perform an extensive testing approach, which 
can be supported by emulation. The recent examples with the 
advanced T5 in London have emphasised the importance of very 
realistic and comprehensive testing methods.

Advanced testing methods to test and tune 
complex software
When we started developing our emulation tools in 2003, the 
main reason was to be able to test all the complex interactions that 
happen at a full-load operation in a complex operation. It is not 
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only container terminals who have been using this approach since, 
but also other 24/7 operations, where mission-critical software 
was implemented. Since then, the approach where we used very 
detailed and comprehensive simulation models to test and tune 
real-time control software proved itself by finding problems. This 
allowed us to configure parameters, and test complex algorithms. 
In short, the emulation delivers the following results:

•  Reduction of the risk of (complex) software development, by 
providing an early test environment that represents the terminal 
in an as realistic as possible manner

•  Assurance of terminal performance, expressed in various 
performance indicators, such as QC productivity, equipment 
utilisation and productivity, and truck turn-around time

•  Improvement of the insight into the TOS by observing short- 
and long-term effects of certain configurations of the TOS 
parameters

•  Training of TOS users in a virtual environment. Without the risk 
of productivity loss, the emulation tool can be used to perform 
realistic training for operators

•  Visualisation of operations to increase the understanding of the 
operation.

The essence of the emulation is to provide a tool that acts as 
a very realistic virtual terminal, i.e. a tool that provides a valid 
representation of the physical processes at a terminal (equipment 
behaviour, driver behaviour, operational scenarios – gate arrivals, 
train arrivals, vessel arrivals), which can be linked to the TOS 
in such a way that the TOS treats the tool as the ‘real world’ 
(meaning via the already present interface between TOS and 
equipment), and which can be used to run operational scenarios, 
either as occurred in the past, or as configured by the user.

By examining the performance of the terminal controlled by 
a TOS under various emulated conditions, an assessment can be 
made of the system (the TOS, but also the operational processes) 
and its actual configuration. This assessment will be made by 

actually running an operation as would normally take place at a 
terminal as well, however without moving containers in a physical 
way. Now, the TOS is talking to virtual drivers, clerks and other 
peripheral systems, rather than real ones. The communication 
protocol is identical to the communication in real-life. The 
emulation model includes a representation of all relevant 
processes at the terminal, i.e. the lay-out (e.g. yard, rail terminal 
and quay cranes), a model of the equipment (kinematics, driver 
behaviour, routing, disturbances, and availability), and performance 
measurement functionalities. All performance relevant interactions 
that take place between the equipment at the terminal (including 
gate and rail terminal) have to be defined and supported by the 
interface between the TOS and the emulation tool.

Using emulation as a test approach
Emulation does not replace traditional ways of software testing, 
rather it adds on for complex testing. The differences are listed in 
Table 1.

When a testing exercise is executed with emulation, the control 
software is always in the loop. Test experiments typically comprise 
of an entire day of operations, and cover all kind of processes. 
From obvious loading and discharge, to twin-lift, tandem-lift, dual 
cycling, OOG and reefer operations. The full chain of processes 
between gate, rail and vessel are covered. Experiments can be 
repeated as long as it takes to complete them flawlessly, and with 
the required performance, both technically (i.e. response times), 
and functionally (productivity and service levels). In a typical 
case, 5 – 10 typical operations are stored, and used as a set of 
experiments that are representative for the operation.

Past experiences show clearly that many bugs have still been 
found after the regular test cycles of the TOS vendors. In addition, 
it has allowed for tweaking more advanced algorithms (see also 
‘Key software to make operations efficient and productive’), in 
the sense of the rules and parameter settings, leading to substantial 
performance increases. Finally, it has given a much more 
comprehensive view on the software as a whole, by seeing in 
an early stage an entire operation being controlled by the new 
software.

Using emulation tool as a tuning tool
In order to tune the parameter settings, algorithms, and allocation 
of resources to points of work (vessel, rail, gate, yard), emulation can 
be used off-line using real operational scenarios. These scenarios are 
either real scenarios, meaning that they are replay of a past existing 
operation, or they are representative created scenarios, for instance 
for peak circumstances (e.g. full yard, 20 per cent volume growth, 
or a full berth after a storm) or breakdown situations.

Each scenario execution will consist of an initialisation step 
during which the user (one time) plans the operation. These 
settings can then be stored, so that this experiment can be repeated 
without initializing again. The experiment run will cover for 
instance 8 or 24 hours of operation – the ability to run longer 
experiments depends on the TOS, the emulation tool is capable of 
running as long as the TOS controls the operation. Attended runs 
may last as long as the user wants, as the emulation behaves as the Figure 3. Architecture of emulation tool.

 
 Traditional software testing Testing using dynamic emulation

Scope of testing Pre-programmed test scripts  Complete operations 
 Always the same Dynamic & comprehensive 
  Terminal at capacity

Way of testing Isolated components or business processes Complete operations, with all interactions

Way of assessment Test successful Test successful 
  Performance achieved

TABLE 1. DIFFERENCES BETWEEN TRADITIONAL SOFTWARE TESTING AND DYNAMIC EMULATION TESTING
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real world would behave. Unattended runs, however, depend on the 
capability of the TOS to run without an operator controlling it.

As such, a past operation can be run using various parameters, 
rules and equipment configurations, in order to determine what 
is best in particular situations. The more complicated algorithms 
and software is deployed, and the more automation is being 
introduced, both from control perspective as well as equipment 
perspective, the more need for such an approach rises. 

The experiment runs may be started over and over for various 
scenarios. The output of the experiment runs will be available 
in a reporting tool. Results from multiple experiment runs will 
be uniquely recognisable afterwards. The TOS performance can 
be assessed by comparing the performance of various simulated 
operations (e.g. QC productivity, truck and rail service times, 
number of shuffle moves etc.).

The emulation can be used before implementing new 
software, focusing on the contribution to performance, or during 
operations, as continuous improvement tool. As circumstances 
change, parameter settings in the software may (and will) also need 
to change to accommodate the increased yard density, equipment 
availability or gate peaks.

Conclusions
The scale and complexity of operations requires additional tools 
compared to today’s terminal control software. Tools that take 
over many repetitive, simple tasks, and allow as such to focus 
on more tactical planning. For automated terminals, this is even 
more important. Here the opportunity to squeeze is even greater. 
Furthermore, automated terminals go into a new era with the 
introduction of standardised software solutions as well, reducing 
risk and lead-time of such terminals. 

In order to ensure the performance and quality of complex 
software, sophisticated test, tuning and tweaking tools are 
necessary. Dynamic emulation, allowing for comprehensive large 
scale testing and experimenting is a promising way, and our 
experiences over the last four years show the benefit in getting 
the software to work. 

Furthermore, these types of tools also provide terminal with an 
opportunity to increase throughput without adding equipment 
or yard space, simply by doing more with less. As volumes are 
increasing, costs are rising, and space is scarce, this is the only 
way out.

Figure 4. Snapshot from the CONTROLS GUI, TBA’s emulation product.
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