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Abstract. Nowadays process plant visualizations and operations take place with-
out the operator’s physical presence at the technical device. As a conesquence a 
lot of complex systems must be visualized simultaneously on one or more moni-
tors. Conventional two-dimensional man machine interfaces hardly meet the re-
quirements of those increasing complexity of production processes. One approach 
to deal with the increasing number of faults during process plant monitoring is the 
creation and implementation of 3D visualizations. We examined the development 
of mental models with 2D and 3D visualizations and different forms of training 
(freeze image vs. slider vs. slider with interaction) regarding completeness and 
structure as well as the relation of the quality of problem solving and the accurate 
recognizing of critical situations. Additionally, we investigated the mental de-
mand in different groups of visualization and training.  

1   Mental Models 

Successfully adapting to changing technologies, is often a question of developing and 
generating functioning mental models. Mental models represent actual situations. If 
researchers are able to explain how people generate those mental models they are able 
to explain and design understanding and reasoning about complex systems. The term 
mental model has, however, been used in many contexts and for many purposes. 
Johnson-Laird (1983) [1] proposed mental models as a way of describing the process 
which humans go through to solve deductive reasoning problems. Gentner and Ste-
vens (1983) [2] use the term to propose that mental models provide humans with 
information on how physical systems work. 

Mental models of complex systems represent different types of knowledge [2, 4]. 
According to Hegarty (1991) [5], there are three different types of knowledge neces-
sary to understand a complex system: the knowledge of the basic components of the 
system, of possible states and the interrelation of the components and the source or 
origin of problems. Such knowledge is represented in a “mental model” of the system. 
It is acquired when interacting with the system [4] (see also [3]).  
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Mental models are assumed to play an important role in enhancing understanding 
and facilitating interactions especially when the operator has to anticipate what needs 
to be done before actually physically interacting with the machine. Norman (1983) [4] 
assumes that even if a user is not given a conceptual model on which a mental model 
can be based, he or she tend to develop a model which is likely to be incorrect. Other 
authors claim that people without a conceptual model rather apply trial and error 
methods not being able to fit the pieces together [6]. To test these hypotheses  
Borgman (1999) [3] investigated whether people can use a system better if they have 
a correct mental model of it. Her analyses were based on four measures coded from 
interviews on the mental models: the completeness of the model, the accuracy of the 
model, the level of abstraction, and the use of a model in approaching the tasks.  An 
important question hereby is how to measure the effectiveness of mental models [7]. 
Rowe & Cook (1995) provide an overview of several methods to examine mental 
models and the predictability of performance. They compared four measures (ladder-
ing interview, relatedness rating, diagramming and think-aloud and verbal trouble-
shooting) and evaluated their ability to predict performance. The results indicated that 
the laddering interview and the relatedness rating are adequate techniques to investi-
gate mental models as predictors of performance in a troubleshooting task. 

2   Process Visualization 

Nowadays monitoring tasks in industrial processes take place without the operator’s 
physical presence at the technical device. As a consequence a lot of complex systems 
must be visualized simultaneously on one or more monitors [8]. One way to supply 
the operator with process information in a way adapted to human perception and in-
formation reception might be a spatial visualization in terms of three-dimensional 
process visualization. Smallman et al. (2001) [9] report several benefits of a three-
dimensional display compared to a two-dimensional one: the increase of ecological 
feasibility as well as a reduction of users’ mental workload through integration of 
spatial dimensions in one representation and users’ preference of familiarity and sim-
plicity of three-dimensional displays. However, the authors also point out to the risk 
of ambiguity of three-dimensional displays that can result in problems with exact 
position determination. Empirical results regarding the comparison of two- and three-
dimensional displays are, however, not unique [11, 9]. Nevertheless, there are several 
findings that underline the assumption of the PCP [10]. Thus, the question arises, how 
to generate 3D visualizations which enhance information processing and whether 
mental models can indicate the success of those applications. 

3   Applying Mental Models in Process Visualization 

To examine our research task in terms of an application example we used a thermo-
hydraulic process to produce particle boards. This process is typically monitored by 
operators in a control room where different information is visualized on various dis- 
plays. In our view, one possibility to improve operators work task is an alternative 
form of data presentation on the interface, therefore, we employed graphical displays 
in 2D and 3D which were developed in an interdisciplinary research project [12]. 
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Fig. 1. A 3D display of the distance of the steel bands in the hydraulic press, b 2D display of 
the distance of the steel bands in the hydraulic press (for explanations see text below) 

The simulated production process is divided into three sections with various pa-
rameters which were visualized in four graphs on the displays. At first, the material 
comes on a belt and is weighted. At second, the material is transported in the machine 
where it is pressed, heated and compressed between two steel bands. This section was 
visualized in the two graphs. One showed the pressure which is exceeded on the mate-
rial and the other one visualized the distance of the two steel bands in the hydraulic 
press, which indicates the thickness of material. At third, the final product has to be 
verified at the end of the process.  

In our experiment, 2D and 3D graphs (a surface-plot) include the same informa-
tion in different ways. According to the PCP [10] the three-dimensional presentations 
integrate more information in the graphs in question while 2D graphs show it sepa-
rately. In contrast to 3D graphs (see figure 1), 2D graphs supply two lines to monitor 
the right and the left hand side of the steel bands in the hydraulic press. Deviations of 
the process data from correct course are color-coded either through the complete 
graph (3D) or on the bottom of the display (2D) and could although be seen in 
changes of graph characteristics (e.g. the height of the graph). 

4   Method 

4.1   Hypothesis 

Our research hypothesis is divided in two closely connected assumptions. Firstly we 
assume that 3D visualizations are more efficient than 2D visualizations in enhancing 
operators understanding of the current process. We also assume that the application of 
3D visualization facilitate operators work task and thereby reduce his mental demand. 
Secondly, we hypothesize that 3D visualization and slider training as well as slider 
training with interaction support forming better mental models than 2D visualization 
and training with freeze image. We, therefore, further assume that better elaborated 
mental models enhance the ability to recognize and react if a problem occurs. 
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4.2   Participants 

The participants were 70 students (34 male and 36 female) of different departments at 
four universities who were rewarded with credit points or comparable rewards for 
their participation. Their age ranged from 18 to 41 (M=23.19, SD=4.055). Most stu-
dents studied science (32) and engineering (21). Furthermore, students of humanities 
(7), computer science (7) and other students (3) took part in the experiment. Experi-
mental groups were randomized.  

4.3   Experimental Procedure 

The study employed five experimental groups which differed in types of dimensional 
data visualization and in kind of training. The fifth group had the additional possibil-
ity to interact with the graphs.  

Table 1. Experimental groups – each group consisted of 14 participants 

 Freeze Slider Slider with interaction 
2D group 1 group 2  
3D group 3 group 4 group 5 

In order to train participants we developed a training consisting of four different 
stages (see below, 4.4). After the training, participants were asked to monitor different 
critical and non-critical situations in two test phases. A critical situation is defined as 
a deviation from the normal process. During a normal process deviation can, however, 
also occur but this stays in a normal tolerance range. In a critical situation a corrective 
intervention as trained before was required. Each problem required an appropriate 
reaction to correct it. Participants’ reaction should be as fast and as correct as possi-
ble. Besides the monitoring task, secondary tasks (naming the critical situation and 
chatting with colleagues) were integrated. After the test phases, participants were 
interviewed (see chapter 4.5.1). Finally, questionnaires of presence [13], self-efficacy 
and mental workload (NASA-TLX) were provided [14]. The whole experiment took 
about 150 minutes for each individual tested participant.  

4.4   Trainings 

According to experimental group, training differed in types of visualizations (2D vs. 
3D) and the kind of training (freeze image vs. slider vs. slider with interaction). As 
described above training was divided in four sections: 

1. An audio-visual presentation with the description of the functionality and assem-
bling of the press and the characteristics of selected problems. Participants were 
taught about how a problem can be recognized and how to react when it occurs. 
Each problem required another corrective intervention.  

2. An exploration phase in which the kind of training (freeze image vs. slider vs. 
slider with interaction) became relevant. During this part of the training, participant 
could explore several problems and a normal situation. Participants should learn 
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how a problem arises and how it is characterized. Self-paced they could look at dif-
ferent states of the problems and their development out of a normal situation in  
detail.  
− Training with slider: The slider condition is characterized by the possibility to 

move across a problem. Participants could move the slider forward or backward, 
fast or slow and could explore the current problem at their own discretion to ob-
serve the development of the problem in detail. The slider condition was real-
ized for both data visualization (2D and 3D). 

− Training with slider and interaction: Besides the slider, this condition is sup-
plemented by the possibility to interact with the data visualization. Interaction 
means the possibility to move the diagram in an arbitrary viewpoint.  

− Training with freeze image: During the conditions working with freeze image 
participants could only explore static pictures of several problem sections. Han-
dling was similar to the slider condition. While moving within chosen situation 
only two or three meaningful points of time were available. This condition was 
also realized for each kind of data visualization (2D and 3D).  

3. A summary of substantial problem characteristics followed to assure participants 
knowledge. Several aspects of each problem were repeated in a compressed form.  

4. The final training phase resembled the test phase. In this section, participant had to 
monitor the current process, detect problems and make corrective inputs to solve 
the occurred problem as trained before. Various critical and non-critical situations 
were shown. For each reaction feedback was provided.  

4.5   Measurements 

Measurement of Mental Model. To measure participants’ knowledge, we use a 
semi-structured interview which combined different methods and was subdivided in 
two parts. At first, a combination of teach-back method [15] and card sorting was 
used to examine participants’ mental model of the production process from raw mate-
rial to the final product when no critical situation arises. Thereby, they should differ 
between processes, states and constituents which were characterized by different 
colored cards. In contrast to conventional card sorting, we used blank cards that 
should be inscribed by participants. Each card stood for an element of the model and 
was arranged in the created model. Afterwards, the created model was explained to 
the interviewer. The questions according to the teach-back method intended to detect 
and explain illogical or incomplete parts further. Afterwards, we asked questions 
about the visualized diagrams in the monitoring task about its characteristics and how, 
in general, a critical situation could be recognized. Additionally, the possibility to 
draw the diagrams seen was provided. The second part of the interview collected 
knowledge about problem characteristics. After having named the problems partici-
pant were asked to describe them in detail. 

Experts evaluated and scored the statements in the interviews based on a manual 
which includes assessment guidelines. Each agreement was rated with one point. At 
first the created model during the interview and the explanation of the model were 
examined considering processes (5 points), constituents (10 points) and states (8 
points). Each created model was analyzed in comparison to the master model com-
pleteness. Additionally, structure was evaluated according to the sections of the  
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system (max. 3 points) and sections in the press (3 points) and finally were summa-
rized to an overall structure score (6 points).  

Also, the second part of the interview concerning problem characteristics was 
evaluated by experts according to assessment guidelines for each problem. We dif-
fered between two elementary and three complex problems. For the explanation of 
several complex problems five points for each problem could be achieved Two for the 
causes, two for the required reactions and additionally one point for complexity which 
means the essential relation characterizing the current problem e.g. the relation be-
tween distance and exceeded pressure.  

Measurement of Mental Workload – NASA-TLX. Measurement of participants’ 
mental workload was realized with the selected items of the NASA-Task Load Index 
[14]. Participants were asked to estimate their effort to solve the task, their visual and 
mental effort and the experienced time pressure as well as the felt frustration during 
the task by a scale.  

4.6   Results 

Completeness of Mental Models. To analyze the completeness of mental models for 
experimental groups a Kruskal-Wallis-test was computed. The results showed that the 
five groups tend to differ in number of mentions for states (chi-square =6.981; 
P=.137). In contrast, no hints of group differences in constituents and processes were 
found. Subsequently, a Mann-Whitney-test to compare of group 1 with highest aver-
age and group 5 with lowest average for states was calculated. The results indicated a 
significant difference of the groups (U=53.000; P<.05). The participants who worked 
with 2D freeze image named significant more states of the production process than 
those using 3D slider with interaction. No other differences could be found. 

For the next step conditions with the same dimensionality were subsumed into one 
group (2D and 3D) and the fifth group (3D with interaction) was not allocated in one 
of these groups. Again, a Kruskal-Wallis-test for constituents, processes and states 
was computed. The result indicated a significant difference for states (chi-
square=8.571; P<.05). Additionally, Mann-Whitney-tests were calculated which re-
sults showed a significant difference in states (U=233.000; P<.01). Participants using 
2D called more states than 3D with interaction. Also, for both groups a tendency for 
difference in processes could be found (U=303.000; P=.128). A comparison of 3D 
and 3D with interaction showed a significant difference for states (U=255.000; 
P<.05). The results for subsumed groups of the same dimensionality indicated that 3D 
with interaction achieved a lower score than 2D and 3D for states in the production 
process.  

Groups were also subsumed according to the kind of training (freeze image and 
slider) without the fifth group as before. At first the Kruskal-Wallis-test was com-
puted and the results showed that the groups differ in the number of mentions for 
states (chi-square=8.739; P<.05) and a trend for difference in number of constituents 
(chi-square=3.899; P=.142). We calculated Mann-Whitney-test to test the difference 
in detail. At first comparing freeze image condition with slider group stated a signify-
cant difference concerning constituents (U=274.000; P<.05). Those participants who 
were trained with slider reminded more constituents of the press. Secondly, we  
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compare slider and slider with interaction condition. Results indicated that the number 
of states showed a significant difference (U=249.000; P<.05) and tendency for differ-
ence in called processes in the created model and his explanations (U=298.000; 
P=.106). Working with slider led to higher scores in states and by trend in processes. 
Finally, examination of freeze image and slider with interaction resulted in a signifi-
cant difference in the number of mentioned states (U=239.000; P<.01). Again, the 
group using slider while training achieved higher scores.  

Summarizing the results on the completeness of mental models, we can see that es-
pecially, states as a characteristic of a mental model indicated on the one hand an 
advantage of 2D and on the other hand a superiority of slider condition.  

Structure of mental models. To examine our hypothesis that the structure of mental 
models differs between experimental groups, we computed the non-parametric 
Kruskal-Wallis-test. The results indicated a tendency of difference between experi-
mental conditions concerning sections of the system (chi-square=7.649; P=.105). To 
compare various groups we used the Mann-Whitney-test. Table 2.  shows significant 
results (bolt) and tendencies we found.  

Table 2. Results of Mann-Whitney-tests for sections of system 

 2D freeze image 3D freeze image 
 sections of 

system 
overall struc-
ture 

sections of 
system 

overall struc-
ture 

2D 
slider 

U=54.500; 
P<.05 

U=63.000; 
P=.095 

U=55.500; 
P<.05 

U=59.500; 
P=.071 

3D 
slider 

U=64.000; 
P=.086 

U=63.000; 
P=.095 

U=65.000; 
P=.137 

U=59.500; 
P=.071 

Significant results were found indicating that groups worked with slider mentioned 
more often the sections of the system. The fifth group was not different from the other 
groups. Additionally, a Kruskal-Wallis-Test was executed for overall structure score 
(chi-square=6.143; P=.189). As can be seen in Table 2. , only tendencies were found. 
Each time the slider conditions achieved the higher scores.  

As before, groups with the same dimensionality (2D and 3D) were subsumed 
(without group 5). The Kruskal-Wallis-Test we calculated however did not indicate 
any difference in several conditions of visualization neither in sections of systems nor 
for overall structure score.  

Finally, the various kinds of training were subsumed in groups (slider and freeze 
image). The 3D slider with interaction was investigated particularly. At first a 
Kruskal-Wallis-Test was examined which showed significant differences for sections 
of the system (chi-square=7.563; P<.05) and the overall structure score (chi-
square=6.052; P<.05). For detail investigation, we computed several Mann-Whitney-
Tests which indicated s significant difference of freeze image and slider for sections 
of the system (U=239.000; P<.01) and overall structure score (U=245.000; P<.05). 
Comparing of freeze image and slider with the fifth experimental group (slider with 
interaction) showed no differences.  
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In summary, we can state that participants working with slider developed a more 
structured and in this regard a detailed mental model than participants received train-
ing with freeze image or slider with interaction. Similar results could be demonstrated 
for overall structure score. The kind of data visualization revealed no differences in 
structure.  

Quality of Problem Solving and the Relation to Accurate Performance. The next 
step to investigate mental models was the examination of the quality of problem solv-
ing and the relation to accurate performance. To analyze the quality of problem solv-
ing we subsumed points for several complex problems to one sum score. Accuracy in 
recognizing complex problems was measured by hits of complex problems for both 
test trial. We calculated a Pearson correlation of both, the overall sum score of com-
plex problems and the hits of complex problems. We found a significant correlation 
of complex problems (r=.325; P<.01). The knowledge about problems characteristics 
was associated with a better performance which means the accurate recognizing of 
required complex problems.  

Mental Workload. To examine mental workload, we firstly compared NASA-TLX 
ratings of different experimental groups by means of ANOVA. Only one significant 
difference resulted for time pressure (F=4.631; P<.005). A Bonferroni-test was com-
puted to test possible difference between single groups. The results indicated that 
participants working with the 2D slider condition showed stronger feelings of time 
pressure during the working task than 3D freeze (P<.01), the 3D slider (P=.067) and 
the 3D slider with interaction (P<.05). Thus, all three groups with three-dimensional 
displays showed lower demand concerning time pressure. Furthermore, the investiga-
tion of the sum score of overall workload indicated a tendency (F=1.916; P=.119). A 
further Bonferroni-test revealed a tendency of difference between the 2D Slider con-
dition and the group working 3D slider with interaction (P=.114). Participants of 
group 5 reported a reduced demand.  

According to the analysis of mental models, we combined groups with the same 
dimensionality and analyzed the differences in participants’ ratings by means of a t-
test (without group 5). The results showed that time pressure (t=3.804; P<.01) dif-
fered significantly. Working with 2D displays seems to be more demanding than 3D 
visualization. Additionally, the sum of score of workload judgments indicated a ten-
dency of difference between groups of different visualizations (t=1.685; P=.098). 
Thus, 3D visualizations can be a relevant factor for operators’ relief.  

5   Discussion 

We intended to show that 3D visualizations with slider and interaction are more efficient 
in enhancing operators understanding of the current process than 2D visualizations under 
freezing conditions. We further assumed that this enhancing is due to the generation of 
better mental models than during 2D visualization and training with freeze image. We, 
therefore, investigated the mental models of 70 participants in a lab experiment with dif-
ferent forms of visualizations (2D vs. 3D) and varying forms of training (slider vs. freeze 
image). We measured reaction times and error rates, we interviewed the participants and 
we employed a questionnaire to measure mental workload (NASA-TLX).  
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Summarizing the results on the completeness and the structure of mental models, 
we found that participants working with slider conditions developed better mental 
models than participants who worked with the freeze conditions. In contrast to our 
hypothesis 3D visualizations do not lead to better mental models than 2D visualiza-
tions. We have not found reliable differences between the dimensions or the group 
who worked with the interaction. However, regarding the mental workload after the 
experiment indicates that participants experienced higher mental demand during the 
2D-Slider condition. Taking these results together one could ask whether mental 
models could indicate the effectiveness of training conditions at all unless there was 
this relationship between the quality of problem solving and the correctness of re-
sponses. We found a weak but reliable correlation between these two measurements. 
These are controversial findings at the first glance. A Further look shows that partici-
pants under the 2D-Slider condition had to integrate different information bits that 
were presented separately while sliding through various problems. On closer exami-
nation of results we, therefore, assume that participants in 2D groups grappled more 
with the data visualization, because in this condition it was more difficult to monitor 
the process. Perhaps that difficulty leads to a more intensely engagement with the 
problems and the system. Thus, consequently the mental model was further developed 
than in other conditions.  

One could also argue that the measures we employed to analyze the quality of 
mental models is not sufficient or reliable. Indeed as Rowe and Cook (1995) [7] indi-
cated, there is a great disunity about suited measures for mental models. We based 
some of our measures on the study of Borgman (1999) [3]. We used a semi-structured 
interview especially the combination of teach-back method and card sorting to exam-
ine how participants understood the system. The method allowed the interviewer to 
detect illogical and incomplete explanations and to inspire participants to rethink.  

These investigations on mental models are useful insights on participants’ under-
standing and reasoning about complex systems and developing different measure-
ments as we did with this investigation might even improve these insights.  
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