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Abstract. Ship bridges are control centers that operate and manage the ship as a 
complex socio-technical system. At the University of Jena we have established 
a project that aims to understand and to explain the nautical officers’ behavior. 
This work is embedded within a broader project network that seeks to develop a 
ship bridge that is more standardized, more integrated and better adapted to 
human performance. Our way to achieve these goals involves anthropologic 
fieldwork and the construction of a computer simulation called Nautical PSI 
that models the nautical officers’ psychological processes on the theoretical 
foundation of the PSI theory. This virtual nautical officer can be used as test 
driver for virtual bridges during to the design process. 

Keywords: Human / machine interaction, human performance modeling, PSI 
theory, ship board bridge design. 

1   Introduction 

A ship bridge is a complex socio-technical system. It provides a control center that 
brings together different devices that combine and coordinate information and proc-
esses. The user of this ship bridge - the nautical officer - is confronted with many 
interfaces that depict the ship and the maritime environment and that allow interaction 
with this environment. This represents a great challenge for the nautical officer’s 
cognitive system: he has to supervise a number of devices, he has to monitor many 
values and keep them within a certain range, he has to integrate the data to an image 
of the ship’s condition, he has to determine and keep the ship’s course and has to 
avoid collision with other ships under consideration of often adverse environmental 
conditions. At the same time he has to manage cargo, personnel and communication 
with traffic control, the ship’s owner, charterer and other ships. 

An additional complication is that every ship bridge is unique, because ship 
bridges are ‘grown’ structures that evolve through the installation of new equipment. 
This is driven by technical innovations rather than user requirements and accompa-
nied by the permanent expansion of rules and regulations by international bodies 
during design, construction and maintenance. In addition there is a high cost pressure 
that supports a ‘wherever there is free space’ mentality and that hinders integrated 
solutions.  
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Obviously this presents great potential for trouble in the human / machine interac-
tion, while it is nearly impossible for a designer to explore this potential completely 
without the assistance of a simulation tool. 

2   The Human Factors Perspective and the Modeling Approach 

These observations are the origin of the DGON-bridge project network (10/2005 - 
9/2009) and accordingly two approaches are followed. On the one hand industry part-
ners look from the technology to the user and are addressing the standardization and 
modularization of the bridge and its equipment. On the other hand we, as psycholo-
gists, employ the human factors perspective by looking from the user to the technol-
ogy, i.e. we aim at a bridge that is better adapted to human performance especially 
regarding the interaction design of the human / machine interfaces. 

Particularly this consideration of the user perspective is long overdue, because in 
contrast to other industries, the human factors perspective has not fully struck roots 
into the maritime business [1]: The analysis of maritime incidents shows that the main 
safety risks are deficiencies in the human / machine interfaces [3], i.e. technology 
should not only be appropriate and robust in a technical sense but also in a psycho-
logical sense [2]. But there is only very limited knowledge about the nautical officers’ 
cognitive processes: how and which data is he collecting? How is he integrating them 
to a ‘situational’ image? Which data and actions belong together? Which displays are 
important under what circumstances? And last but not least, how is he organizing his 
work process, what is happening in his mind and how is he regulating his actions? 

In employing the human factors perspective we used two main approaches: Firstly, 
we did anthropological field research, i.e. we undertook user interviews in 2005 and 
2006 [4] and had several weeks of free and systematical observations on board con-
tainer feeders in the German Bight and the Baltic Sea in 2006 to 2008 [5,6]. In addi-
tion to this, we are going to undertake systematical observations with the assistance of 
a ship (bridge) simulator in spring 2009. Secondly we are mapping all our findings 
into a cognitive model of the nautical officer’s psychological processes (Nautical 
PSI). First and foremost this is an unambiguous, complete, consistent and dynamic 
formulation of our findings. Furthermore, this model construction process aims to 
develop a model that can be used as a representation of the nautical officer in order to 
determine and evaluate the cognitive requirements of diverse bridge and bridge 
equipment designs in different situations [7,8]. Last but not least a long-term objec-
tive is the further development of the Nautical PSI into an assistance system, which 
relieves the mariner from part of the navigational burden by steering the ship in stan-
dard situations. 

The application of the Nautical PSI model as a representative of the human being 
has several advantages as compared to the common way of studying the human / 
machine interaction in the maritime business. Usually physical models, i.e. bridge 
mockups1, are constructed that can be operated in high fidelity ship (bridge) simula-
tors. These mockups are either used as a demonstration to present one’s product offer-
ings, or commercially available solutions are built into ‘educational‘ simulators for 

                                                           
1 Constructional structures consisting of plywood, which gather the designated equipment. 
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professional training. One would expect that these constructions are also used in 
‘evaluation’ simulators to comparatively evaluate different bridge and/or interaction 
designs, i.e. to run through different scenarios with different designs and with compa-
rable test drivers. 

For various reasons this rarely takes place. First of all a representative study is 
nearly impossible because there is a wide range of nations, professional educations 
and generations and furthermore there are no findings about distribution of personal-
ity traits or types of nautical officers. This would make the recruitment of the partici-
pants a challenge in its own right. Secondly, for a realistic picture, the whole work 
context (i.e. a number of secondary tasks and distractions, oftentimes fatigue etc.) 
would have to be considered, which is quite complex and can constitute ethical prob-
lems in the case of fatigue. Thirdly, this would be prohibitively expensive because 
such a study would be very time consuming and time in high-fidelity ship (bridge) 
simulators is very costly. 

Consequently, this is a classical field for computer simulation tools like the one 
presented in this article. They allow the running of multiple scenarios to find event 
paths and to identify crucial factors. (E.g. the wide ‘terrain’ of mariner personality 
could be explored to assess the significance of diverse personality parameters. This 
could guide further empirical work in parameterizing and validating the model and in 
identifying user types.) Generally spoken with a simulation tool new developments 
can be studied and considered more extensively, in more detail and in general more 
effectively in virtual simulations than in physical mockups and therefore should be 
used in the development phase. 

Beyond this application-oriented goal of the development of the Nautical PSI 
model there is also an additional fundamental research interest. The underlying PSI 
theory is a holistic psychological theory of the human psyche (see detail below) and 
one is always looking for application fields that allow testing und further development 
of one’s psychological theory. The navigation of a ship is a very convenient and  
rewarding task because a ship (bridge) is quite isolated with very reduced environ-
mental interfaces, i.e. there are relatively limited factors that describe the environ-
mental situation (distance to land masses / sea bottom, distance to prescribed track, 
closest point of approach to other ships, abidance of right of way and other traffic 
rules) and very limited possibilities to influence this situation (i.e. setting course and 
speed). Additionally, this isolation has obvious advantages for empirical observations. 

3   The Model System 

Both the given constellation and the project objectives suggested interpreting the 
given situation within the agent paradigm2. Consequently, the maritime environment 
has to be modeled; the ship itself is interpreted as the agent’s body and the ship bridge 
and its equipment are interpreted as the sensorimotor interface for the Nautical PSI 
agent. This results in the following model system: 

                                                           
2 „An autonomous agent is a system situated within and part of an environment that senses that 

environment and acts on it, over time, in pursuit of its own agenda and so as to affect what it 
senses in the future“ (Franklin & Graesser, 1997, S.4). 
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The virtual nautical officer - the Nautical PSI - is embedded within a set of model 
‘shells’ (see fig. 1). The outermost shell - the environmental model - is a model of the 
maritime environment that depicts landmasses, water depth, wind, current, navigation 
marks and other ships. The second outermost shell - the ship model - is a model of 
one’s own ship that depicts the movement in the water and over the ground as a result 
of propulsion, rudder, current, wind and other factors. It also models the ship’s sen-
sors like GPS (position, course and speed over ground), anemometer (wind), bathom-
eter (water depths), lugger (speed in water), gyro (heading) and radar (land masses, 
navigation marks, other ships). For the time being, the two outer shells are complete. 
They are rendered quite simply, but can be easily replaced with a high-fidelity ship 
(environment) simulation, a feature that will be tested in late spring 2009. 

 

Fig. 1. The model shells 

The third outermost shell - the equipment model - is a model of the bridge equip-
ment that reproduces the appropriate data processing (e.g. determining the distance of 
and the time to the closest point of approach to other ships). Also, this shell is finished 
for the time being and could be partially or totally replaced by the real external de-
vices if they would be provided with appropriate interfaces (these are not state-of-the-
art and therefore not going to be tested in the foreseeable future). 

The next two inner shells represent the interface between the psychological and the 
physical world. The presentation and control surface model depicts the data presenta-
tion and the activation operations of the bridge equipment while the sensorimotor 
model depicts the capabilities and the conditions of the nautical officers perception 
and manipulation system and his position on the bridge. The interactions of these two 
shells allow on the one hand to determine which information can be perceived in 
principle and how easily it can be perceived. Then the Nautical PSI model considers 
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attention among other factors and determines if a piece of information is actually 
noticed and how long this process takes. On the other hand, the interaction of these 
two shells determines which activation operations are executable and how long it 
takes to enter an operation command successfully. These two shells will be finally 
completed in spring 2009. 

Finally, the cognitive Nautical PSI model represents the inner core of this shell sys-
tem. It recreates the mariner’s psychological processes and is - for the time being - 
nearly finished: 

4   The Simulated Nautical Officer 

In search of a psychological foundation for the Nautical PSI we were looking for a 
comprehensive ‘grand unifying’ theory of the human psyche that describes human 
performance in all its strengths and weaknesses. Unfortunately, a ‘holistic’ systems 
perspective is rarely found in psychology and therefore there were only two promis-
ing approaches.  

One the one hand, there are the two cognitive structures ACT [10] und SOAR [11], 
which both are production systems. They describe psychological processes as the 
result of a deduction mechanism that draws conclusions from data and rules. The 
disadvantage of these architectures is that they primarily show cognitive behavior and 
lack assumptions about motivational and emotional processes [12,13,14,15]. 

One the other hand, there is the PSI theory of Dörner, which originates form the 
examination of the behavior of human beings in complex situations and the errors that 
can occur [16]. It is a grand psychological theory of the human psyche with emphasis 
on action regulation that describes the interaction of cognition, motivation, emotion, 
perception, learning and memory [12,17,18,19].  

The development of the PSI theory and our application on nautical officers’ behav-
ior follows a reconstructive approach, i.e. starting from the question of how a (psy-
chological) system that shows observed behavior could be constructed, one is trying 
to understand and explain the system’s behavior through reverse engineering. There-
fore, an agent (an autonomous program) constructed on the foundation of the PSI 
theory does not follow a standard architecture, nor is this an artificial intelligence 
approach. Instead one tries to rebuild the psychological instances and processes postu-
lated by the PSI theory. 

We preferred the PSI theory basically because it’s a comprehensive theory that in-
cludes motivational and stress adaptation processes, which appears to be especially 
important in the context of our research. In the following the theory itself and its ap-
plication to the mariner’s psychological processes will be described. 

The PSI theory does not assume a central executive process, but rather a set of par-
allel operating mechanisms for information processing. These mechanisms trigger 
each other and coordinate each other via memory structures (see fig. 2):  

First of all, there is an automatic perception process that identifies objects in the 
environment. At regular intervals this process is used to create a ‘situational’ image. 
In the case of a mariner this is something like: I am at position xy, the water is 20 
meters deep; there is a distance of 100 meters to the prescribed track and a deviation 
of 0.1 degree to the course to the next track point; there is a ship 1,000 meters in front 
of me and another one starboard astern. 
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Fig. 2. The PSI architecture; see text for explanation 

In addition to the identification of environmental objects, ongoing events are iden-
tified by a similar process and are categorized (the ship in front of me has the same 
course but it is slower: it is a ‘fellow runner’; the ship astern is considerably faster 
than me and has changed it’s course to starboard: it is an ‘overtaker’). On the one 
hand, these identified events complement the situational image. On the other hand, 
they inevitably result in the knowledge-driven construction of an ‘expectational’ 
horizon, an extrapolation of the current situational image into the future. In the case of 
the nautical officers this could be: the ship on starboard is going to overtake me and is 
going to finish this maneuver in five minutes; if I don’t do anything, I will crash into 
the stern of the ship ahead.  

Situations are evaluated according to nautical needs: Two basic needs are to ‘stay 
on the track’ and to ‘head for the next track point’. More complex needs are to avoid 
the more or less endangering objects above and beneath the surface like buoyage, 
other ships, the coastline and shallows (the need for avoiding collisions with other 
ships has already been implemented; other obstacles are subject to future work). Be-
side that there are other non-nautical needs (see below). 

If a departure from the track is noticed or if such a departure is to be expected, the 
need ‘stay on track’ is activated by a certain degree, that reflects the degree of devi-
ance and that depends on the significance of the need (the departure of the track may 
lead to trouble with the master or the ship’s owner, but a collision with another ship 
compromises lives: of one’s own and of others). The activation of a need always cre-
ates an intention. An intention is a temporary memory structure whose function lies in 
linking all knowledge that is needed to eliminate the current need or otherwise to 
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avoid the emergence of an anticipated need. Particularly, this is knowledge about 
intervening operations and their consequences that originate from experience, training 
and observation. But first and foremost - when an intention has become dominant - it 
will try to find a plan to satisfy the underlying need and once a promising plan has 
been found, it will be implemented and supervised.  

Usually there are several intentions in the intention memory. Not all of them refer 
to the ship guidance. In addition to intentions like ‘correct course deviance’ and 
‘avoid collision with the ship ahead’ there may be other nautical intentions like ‘fix 
cargo documents’, ‘have the railing painted’ or distractive intentions like ‘drink cof-
fee’, ‘smoke a cigarette’, ‘have a chat’ etc. (exemplary distractions will be imple-
mented in spring 2009). Moreover, to satisfy one need often means to evoke another 
one, e.g. during a track return maneuver it is inevitable that the course to the next 
track point is temporarily abandoned. (Because during this maneuver the ship is nec-
essarily heading towards the track, and therefore necessarily not heading towards the 
track point at the end of the according section of the track).  

Therefore, a selection mechanism must exist, that operates on the basis of a value-
expectation-principle. This mechanism selects a ‘dominant’ intention, which rules the 
behavior. By use of the above-mentioned knowledge, a promising plan is determined 
and its implementation is supervised until another intention becomes dominant. For 
instance, while returning to the track, the intention ‘stay on track’ becomes weaker 
while the strength of the intention ‘head for next track point’ (which asks - if you are 
on the track - for steering the same course as ‘stay on track’) does not change. At 
some point near the track it becomes stronger, takes command and puts the ship onto 
the prescribed track.  

For the determination of a promising plan, Nautical PSI uses knowledge about the 
effects of intervention operations, mainly the change of course and maybe further on 
the change of speed. The degree of a course change is varied and thereby a set of 
alternative future developments is build up in the expectational horizon. These alter-
natives are evaluated according to nautical needs (for the time being, distance to pre-
scribed track, deviance from course to next track point and distance to other ships that 
have the right of way in the closest point of approach), and the best one is taken, i.e. 
the appropriate course change towards the track and the resulting course change on 
the track later on will be implemented. Like all other psychological processes, this 
planning process is modulated by a set of so called control factors and modulators 
that - among other things - determine the invested cognitive effort (here the number of 
tested alternatives and the temporal depth of the projection): 

Particularly important for the behavior modulation are two basic ‘cognitive’ needs 
which have sort of a self-optimizing function: On the one hand the need for certainty 
urges us to get to know our environment, to make it predictable, and on the other hand 
the need for competence compels us to test and improve our ability to influence our 
environment. These two needs together with other control factors (like the unambigu-
ousness and desirability of the expectational horizon; amount, strength and success 
probability of the intentions in the intention memory) modulate the cognitive system’s 
mode of operation. They determine if we work faster or more slowly, more or less 
accurately, update more or less often our situational image etc. Thus we assume that 
the cognitive system works according to self-adjusting principles by adapting its 
mode of operation to the workload condition, to its ability to solve problems and to 
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the quality of its environmental knowledge. In the maritime environment the (lack of) 
certainty mainly stems from confidence in the situational image and the expectational 
horizon, i.e. it depends on the perceived reliability of the displayed information, the 
ease of transforming the displayed information into a situational image and especially 
from one’s own ability to correctly predict the future, i.e. are my expectations ful-
filled. The (lack of) competence stems from the subjective capability to handle one’s 
own ship and especially its equipment and from the capability to meets one’s own 
needs.  

In principle, all described instances and processes have been implemented and 
concluding work (especially on the modulation) will be done in spring 2009. 

Open questions refer to the modeling of perception errors and learning. This 
mainly results from our deliberate choice of a higher abstraction level than previous 
elaborations and implementations of the PSI theory with respect to sensory schemata 
and knowledge about situation-action consequences. Also, we currently only deal 
with small punctual obstacles like other ships and buoys, and have not yet considered 
widespread obstacles, such as land masses and shallows.  

5   Validating the Model 

Validating a complex cognitive model is a discussion and a challenge in its own right. 
The main problem is that a complex model comprises a lot of assumptions and pa-
rameters that oftentimes can not be measured directly and/or can not be examined 
independently from other assumptions and/or parameters in an appropriate and suffi-
cient way. Also, ‘many assumptions and parameters’ imply that there are numerous 
possibilities to influence the model’s behavior and that the same results in the overt 
behavior may be reached by different changes in the inner mechanisms. Therefore, 
there is a great danger of an unreflected ‘tweak it till it thinks’. 

Our conclusions are twofold: Firstly, we think that a validation should take place 
on the level of the overt behavior of the whole system, instead of trying to prove sin-
gle assumptions and parameters. Secondly, we think that more important than proving 
the validity of a theory (and a resulting model), is to prove it’s value and it’s useful-
ness in the scientific community. Competing factors could be completeness, consis-
tency, broadness, preciseness, testability, repeatability, ability to describe, explain, 
replicate and predict behavior etc. 

In general, there are several possibilities to validate a theory (and a resulting 
model): Firstly, one can conduct consistency checks. Secondly, one can accomplish a 
sensitivity analysis to identify crucial assumptions and factors that dominate the sys-
tem’s overt behavior and that therefore should be considered and examined more 
closely. Thirdly, the overt behavior of the system can be compared to human behavior 
– this culminates in a Turing test. All three approaches were and will be followed. 
Especially in the last phase of the project in spring and early summer 2009 we will 
use the behavior data gained in the systematical observations on board of container 
feeders (in 2006 to 2008) and in a ship (bridge) simulator (in spring 2009) to pa-
rametrize the model and to comparatively evaluate the model’s overt behavior.  
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6   Conclusion 

The Nautical PSI impressively demonstrates the value of a combined anthropological 
fieldwork and modeling approach: Employing a psychological perspective in accom-
plishing anthropological fieldwork on container feeders and trying to reconstruct the 
nautical officers’ psychological processes by reverse engineering was a process valu-
able in itself because it gave us many insights into the challenges the nautical officer’s 
cognitive system is confronted with. This allows us to draw general psychological 
conclusions from on-board observations concerning ship bridge design and design of 
human machine interfaces [6]. It also allows us to construct a model that, for the time 
being, is autonomously able to follow a prescribed track, to abide the right of way and 
thereby compensate for disturbances by the current and wind. It describes when and 
which information is obtained in a certain situation, and which resulting actions are 
taken. Although there is still a long way to go to complete this simulation of a nautical 
officer’s psychological processes, we feel that we have laid a promising foundation, 
especially for an effective instrument for testing bridge design, equipment and proce-
dures. The degree of similarity between real and virtual behavior will be evaluated in 
empirical studies in early summer 2009 using a ship (bridge) simulator that can be 
steered by human and virtual mariners (to be reported at the conference). 
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