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Abstract. The increasing complexity of industrial plants and more intelligent 
equipment technology lead to a growing amount of process data. The approach 
of interactive 3D process data visualization and associated training concepts for 
processes without a process model can assists operators to analyze complex 
processes. This paper describes a set of experiments that analyzed the benefits 
of a 3D data presentation as part of an HMI in combination with different types 
of operator training in process control. 
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1   Motivation 

One of the main questions in industry in the recent years is how to support the opera-
tor in monitoring and to controlling processes that are getting more and more com-
plex. If the information is not preprocessed, more intelligent equipment technology 
may lead to an overload of information. Centralized control rooms and the reduction 
of operating personal increases the operator’s work load. Finally, this can result in a 
rising error rate. Common 2D concepts in HMI and training may not support the  
operator sufficiently. The 3D process data visualization approach can support the op-
erator in handling large amounts of data. By coding the data, e.g. through color or sur-
face design, the information content of the visualization can be increased. By means 
of coloring and surface design it is possible to show more data in one view and to 
visualize potential coherences. Previous works showed the reduction of the number of 
visualization screens when using 3D [1]. 

3D data visualization can also be applied in training to support the operator in 
developing process knowledge. A 3D data player, a so called 3D slider, can be used 
to teach process dynamic to the operator on basis of real process data for processes 
without a process model. The operator is able to learn the process behavior in criti-
cal situations during the training phase and to identify similar situations in the oper-
ating phase. 

Up to date, there are no detailed evaluation for 3D process data visualization in 
process control and operator training. This paper describes an empirical evaluation 
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that was conducted within the project PAST-P1 to show the benefits of 3D visualiza-
tion in process control. 

2   State of the Art 

In the following we describe the state of the art in 3D process data visualization and 
operator training. 

2.1   3D in Process Data Visualization and the Psychological Background 

Current HMI systems in process control use 2D representations like line diagrams and 
tables to visualize process data. These visualization elements are available in libraries 
and can be integrated into the process screen and be connected with process variables 
in a simple way. HMI systems also offer 3D representations of tanks and piping but 
this kind of representation has no additional benefit. Beuthel [2] and Hoppe [3] 
proved the advantages of 3D process data visualizations for special applications. Both 
studies measured the reaction time and the processing time to handle problem situa-
tions in 2D as compared with 3D visualizations. The results showed an advantage for 
3D representation.  

3D data visualization, like it is common in e.g. Matlab or Excel, is rarely used in 
process control. The time consuming development could be a reason for this. Each 3D 
scene has to be programmed step by step. For this reason, we developed a prototype 
library with 3D objects, so called 3D pattern [4]. These 3D patterns use standard  
interfaces like OPC or ActiveX and can be integrated in most state-of-the art HMI 
systems as easy as 2D visualization objects. The library was developed based on real 
application examples from industry and has been evaluated by experts.  

In a pilot test the authors evaluated 2D and 3D visualization comparatively to reach 
a more reliable answer regarding the advance of 3D [5]. The results showed signifi-
cant faster reaction time in the 3D environment if the problem situation was complex. 
This result corresponds with Wickens’ “proximity-Compatibility”- principle [6]. This 
principle states that tasks that require the integration of information, benefit from a 
perceptual proximity of the display or visualization. The integration of information is 
necessary in particular for the detection of complex problems. These problems require 
the combination of three or more process values for the analysis of the system status. 
However, in the pilot test only one out of five problem situations disclose this benefit. 
One reason for the missing significance for the other problems could be the lack of 
complexity. The problem situations had to be simplified because subjects, which have 
no prior knowledge about the process, had to be trained adequately. Compared to real 
control rooms in industry, the experimental environment also had to be simplified. In 
the pretest the subjects had to observe only one diagram and could completely con-
centrate on this task. The task of an operator in a real control room is more complex 
as he has to observe a few monitors with different kinds of diagrams and tables. Fur-
thermore, he has to attend to additional tasks that will distract him from his main task 
and by that reduces his attention to the process monitoring task.  
                                                           
1 The project is funded by DFG (German Research Foundation under VO 937/7-1 and SCHW 

736/3-1 from 5/2007 to 4/2009. 
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As 3D visualization is displayed on 2D screens the topic of interaction also has to 
be taken into account. Only by means of interactions like translation or rotation of ele-
ments can the 3D effect be perceived completely. Schönhage’s [7] approach is based 
on the DIVA Java 3D-collection and implements five different kinds of interactions, 
so called behaviors. Amongst others, Schönhage provides interaction that enables to 
display additional information by mouse clicks / keystrokes or actions that move or 
rotate the 3D elements.  

According to Witmer and Singer [8] interaction with a 3D scene also increases the 
sense of presence. Presence is defined as the sense of being present in a virtual envi-
ronment, i.e. effects that influence the cognition of a state, the bonding to an event or 
the immersion into the virtual environment also influence the feeling of presence. 
Witmer and Singer specify four main factors. Two of them can be recognized as rele-
vant for the task of monitoring process data: 
• Control factors: degree of control, immediacy of control, anticipation of events, 

and mode of control and modifiability of physical environment. 
• Sensory factors: sensory modality, environmental richness, multimodal presenta-

tion, consistency of multimodal information, degree of movement perception, ac-
tive search. 

The results of the pretest as well as the studies of Wickens on the complexity and 
Witmer and Singer on presence are the basis for our further experiments. These ex-
periments have to be more realistic and therefore will be more complex. 

2.2   Operator Training –Learning of Process Behavior 

Increasing complexity of the experiment also takes up new training strategies. The 
pretest training is no longer sufficient to train the subjects for the more complex situa-
tions. In chemistry or pharmaceutical industry an operator is often trained by means 
of an operator training system (OTS) where a model based description of the process 
is available [9]. To learn process knowledge, the process dynamics need to be mod-
eled in the OTS. The OTS systems use the original HMI interface of the process, 
which have to be learned, to display the system status and allow the operator to inter-
act with the process. A simulation of the process calculates the new system status 
based on the actual state and the operators’ intervention.  

However, for a lot of processes it is not possible to identify the process model with 
an acceptable effort. In this cases operator training is often realized as training on the 
job. Novice operators are either trained by the start-up personnel or by an experienced 
operator based on their own mental model of the process. The 3D slider that was de-
veloped by the authors could be an alternative approach to teach the operator. Klein 
[11] showed that engineers often use knowledge from similar and familiar situations 
to solve a new problem instead of making time-consuming analysis. The 3D slider 
uses real scenarios and real process data from similar plants for a “scenario-based 
training” [12]. With the functionality of the slider it is possible to analyze historical 
data in an adjustable temporal scaling. In doing so the operator learns the process dy-
namic in familiar situations and can build up a mental model of the process. The train-
ing with the 3D slider requires real data of the process of a comparable plant. Some 
OTS use the approach by means of a slider in combination with simulated data but not 
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with a 3D visualization. In the experiment we describe in the following three different 
types of training were evaluated in combination with 2D and 3D visualization. 

3   Hypotheses 

The main task of an operator in process control is the analysis of the actual process 
status. He has to differentiate between error and error free conditions and to identify 
the appropriate solution. Two different cases can be defined: 
• hit: right identification of error conditions. 
• miss: no identification or false identification of an error condition. 

The following hypotheses were deduced: 

(H1)  3D visualization leads to better error detection in complex problem situa-
tions than 2D visualization. 

According to Wickens a 3D representation is beneficial for the detection of errors 
on complex problems, i.e. if it is necessary to combine at least three process values 
for the identification of the system state. Hence, for the error detection of complex 
problems, subjects that use 3D visualization will have more hits as compared to sub-
jects that use 2D visualization. 

(H2)  3D visualization with interaction leads to better error detection in complex 
problem situations compared with 3D visualization without interaction. 

Interaction is a basic control factor that increases the presence. A 3D visualization 
with interaction leads to a higher control over the visualization environment and 
should facilitate the operators’ task of error detection. Hence, subjects that use 3D 
with interaction will have more hits than subjects that use 3D without interaction. 

4   Experiment 

By analyzing the tasks in the control room of a continuous hydraulic press, the sub-
jects’ tasks in the experiment as well as the implementation of the HMI were de-
signed. 

4.1   Application Example 

For the empirical evaluation of the described hypotheses an appropriate application 
example that is appropriate for 3D has to be identified. Due to the experiences of the 
authors the case study of the continuous hydraulic press (Fig. 1) was selected [13]. 
The hydraulic press is used to produce different kinds of fiber boards. A glued mate-
rial mat runs into the continuous press where it is pressed between two moving steel 
belts. The heat, that is necessary for the technological process, is transferred by roller 
rods from the heating plate to the steel belt. Hydraulic cylinders generate the pressure 
to press the material mat to the set values of distance. The cylinders are located 
equally spaced along the whole length and width of the press. The thickness of the 
mat is measured by means of distance transducers at the outer edges of the steel  
belts and is controlled by increasing or reducing the pressure. Important data, like  
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pressure

distance

 

Fig. 1. P&ID of the continuous hydraulic press and associated 3D visualization of pressure and 
distance  

temperature of the heating plate, thickness and pressure are continuously measured 
and displayed for the operator in the control room. Based on the actual process date 
and his knowledge about the process the operator decides how to take corrective ac-
tions on the process. 

In the described application example multiple dependencies exist between different 
process factors, e.g. pressure and distance. The material has to be pressed to the set 
distance without exceeding the maximum pressure. For decision-making the operator 
has to observe both process values and set into correlation across and along the press. 
For the experiment five problem situations from the real application example were 
chosen: two simple and three complex ones. 

4.2   Design of the Experiment 

The subjects’ task in the experiment was to monitor the press. The experiment was 
divided into three phases: audio-visual training, exploration phase and operation 
phase.  

In the audio-visual phase the subjects were shown a video that explained the appli-
cation process. The relevant process factors and their interrelations were explained. 
The critical process situations and their symptoms were described. Furthermore, the 
video gave an introduction to the process visualization and the options of taking cor-
rective actions. 

Next, the subjects enter into the exploration phase. Firstly, the subjects reconstruct 
the information from the video and comprehend the process behavior and the scenario 
based on simulated process data. In the second step, the subjects verify the obtained 
knowledge in the testing phase where they had to operate the process and attain feed-
back concerning the correctness of their interventions in the experimental environment. 

In the operation phase, the subjects had to control the process. They had to decide 
whether they were confronted with normal or with critical process conditions. In case 
of a critical situation they had to take an appropriate corrective action. During the ob-
servation and control of the process they had to execute two additional tasks, i.e. hand 
writing product data on a protocol data sheet and communicating with colleagues in a 
chat instead of a walkie-talkie in a real plant (referring to Wicken’s theory a second 
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task was introduced, indicates the work load performance in secondary task). The 
subjects had to undergo the same selection of situations twice in random order. All ac-
tions of the subjects, e.g. error response time, were automatically recorded by the sys-
tem. Additionally, the heart rate was measured during the experiment to evaluate 
physiological factors like stress. 

To date, the experiment was conducted with 70 subjects (students of different 
fields of study). All subjects had no previous knowledge about the process. To allow 
the comparison between 2D and 3D visualizations as well as the comparison of the 
different variations of training, the subjects were divided randomly into five groups, 
each group with 14 subjects (Table 1). The training conditions were derived to exam-
ine three different modes of presence, the lowest mode: a classical training (freeze 
image in 2D or 3D) with figures showing critical situations and giving verbal instruc-
tions. The slider mode (2D or 3D) displays the development of a critical situation and 
should by that give more information to detect the critical situation. Training with 
slider and interaction (only 3D) should generate the highest presence because the in-
teraction gives subjects the opportunity to feel more involved in the process. The 
training with slider and interaction was evaluated only in 3D because 2D does not al-
low comparable interaction features.  

Table 1. Experimental Design (training options and dimension) 

Dimension of HMI 
Training with freeze 
image 

Training with 
slider 

Training with slider 
and interaction 

2D group 1 group 2 --- 
3D group 3 group 4 group 5 

 

Additionally, different questionnaires were included to examine attentiveness, self-
assessment and feedback on presence etc. After the operation phase an interview was 
conducted to analyze the individual mental models. 

4.3   Experimental Environment 

For the evaluation an experimental environment, which is as realistic as possible, was 
developed. The main challenge was to find an optimum between the approximation to 
reality and an environment that does not overstrain novice subjects. 

The environment is based on a PC with two monitors displaying four different dia-
grams. Depending on the provided scenario the subjects had to combine the informa-
tion displayed in these diagrams to identify the problem and to deduce an appropriate 
input reaction. On an adjoining tablet PC they had to execute additional tasks, hand 
writing production protocol. Both PCs were connected and all relevant actions of the 
subjects on both systems were recorded in one database according to their timeline 
(more details to the environment are given in [14]). 

5   Results of the Experiment 

The following results refer to the evaluation of 70 subjects. Due to technical problems 
the results of one subject in group 5 could only be recorded in the first trail; however 
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these results were included in the analysis. Table 2 gives an overview of the quantity 
of subjects in the five groups.  

Table 2. Assignment of subjects to training variations 

group 1 2 3 4 5 
subjects 14 14 14 14 13,5 

(H1)  3D visualization leads to better error detection in complex problem situations 
than 2D visualization. 

For the evaluation of hypothesis 1, group 1 and group 2 were joined and represent 
an overall 2D group. In the same way, group 3 and group 4 were joined and represent 
the 3D group. Group 5 was not taken into consideration for this analysis. Table 3 
shows the total number of errors depending on the experimental group (2D and 3D). 
The analysis of the results show no significant differences (Fisher test p=0.5) that can 
be ascribed to the dimension of the visualization.  

Table 3. Hits and misses of complex problems depending on the dimension of the HMI 

group misses hits hits [%] 

joined 2D  159 121 43.21 
joined 3D  158 122 43.57 

As the analysis shows no significant results, instead of joined group, each group 
will be analyzed individually. In the analysis, two aspects can be observed (Table 4). 
The group “2D freeze image” shows better results than the group “2D slider”. In con-
trast the group “3D freeze image” obtains poorer results than the “3D slider” group. 

Table 4. Frequency distribution of hits and misses of complex problems in different dimen-
sions 

group misses Hits hits [%] 

2D freeze image 72 68 48.57 
2D slider 87 53 37.86 
3D freeze image 86 54 38.57 
3D slider 72 68 48.57 

The evaluation shows that hypothesis 1 is false. 

(H2)  3D visualization with interaction leads to better error detection in complex 
problem situations than 3D visualization without interaction. 

For the evaluation of hypothesis 2 the five groups were compared. The analysis of 
table 5 shows that the group “3D slider with interaction” achieves the best result. Ac-
tually, this is the only group that obtains more hits than misses. 
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Table 5. Hits and misses of complex problems depending on different groups 

group misses hits hits [%] 

2D freeze image 72 68 48.57 
2D slider 87 53 37.86 
3D freeze image 86 54 38.57 
3D slider 72 68 48.57 
3D slider with interaction 62 73 52.14 

As the results show significance (chi-square = 11.08, df = 4, p < 0.05), hypothesis 
2 can be proven. 

6    Discussion of the Results 

The analysis of the error rates on complex problems showed that a 3D visualization 
achieves the best results if the subject is given the opportunity to interact with the 3D 
scene. Group 5 was significantly better in error detection. A representation of data in 
3D without interaction showed no advantage in the experiment. Contrary to the ex-
pectation, in several cases subjects of group 1 showed even better results than the sub-
jects of group 3 or the same results like group 4. 

The following reasons can be given for these results: 

• The representation of data in a 2D diagram is always still the most well-known and 
widely-used type of data visualization. Therefore the handling of data representa-
tion is intuitive because of user’s experience. A 2D visualization in combination 
with the slider in the exploration phase does not seem to be intuitive for the sub-
jects. In the operating phase the groups 1 and 2 did not differ. 

• The groups 3 and 4 also differ only in the exploration phase and not in the operat-
ing phase. Nevertheless in 3D the slider group was better in error recognition. The 
use of the 3D sliders in the exploration phase seems to be more intuitive for the 
user. This confirms Wickens’ theory. 

• Group 3 and 4 had a quasi 3D representation, meaning that it is only a predefined 
2D projection of a 3D object. Only the interaction generates the real 3D effect that 
increases the subject's feeling of having control over the visualization, which refers 
to the presence phenomenon. 

The analysis of hits and misses generally shows a high error rate. On top of that 
group 5 (3D slider with interaction), which was significantly better than the other 
groups, shows a number of hits that is barely more than 50 percent. This result leads 
to the assumption that the training phase has to be improved. The present design of 
the experiment permits no conclusion whether the subjects understood the process 
which they had to observe and to control, before they enter into the exploration and 
the operating phase. 
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7    Summary and Future Prospect 

In this paper an experiment that evaluates the influence of different types of visualiza-
tion (2D, 3D/ interaction) and training on error detection in process control was de-
scribed. It was shown that training with the classical 2D freeze image seems to be 
very intuitive to the user and leads to good results in the operation phase. Referring to 
3D visualization it was shown that interaction is an important factor. Only the combi-
nation of 3D with interaction leads to significantly better results in error detection. 

Based on the presented results, it seems to be necessary to evaluate the influence of 
different kinds of interaction with 3D scenes. Besides the already analyzed behavior , 
namely “rotation”, other types of interaction like “translation”, “zoom” or “brushing” 
(context-sensitive display of additional data) have to be evaluated (with prerequisite if 
they are useful for the operator’s task in this application). 

For the development of further experiments, the process knowledge of the subjects 
has to be tested before they enter into the exploration and the operation phase. It must 
be ensured that the subjects have understood the process and the process intervention. 
If the subject achieves a certain level of process knowledge the experiment can be 
continued. Otherwise, the subject has to be trained and be tested again. Finally, if the 
subject does not improve, the experiment has to be aborted. This adaption of the ex-
perimental design should considerably decrease the error rate. 

For a more realistic experimental design, it is necessary to examine more complex 
technical scenarios because the current results show positive correlation from com-
plexity of the scenario to the benefit of 3D presentation. A more realistic scenario, i.e. 
a more complex scenario, will highlight the benefit of 3D with interaction as com-
pared to the other training conditions in regards to the reaction time and identification 
of errors. Additionally a subsequent experiment focusing on elderly operators will be 
conducted. We expect that elderly people will profit from an adaptable interface, e.g. 
adaptable interaction etc. 

The gained results will lead to the implementation of new functionalities in opera-
tor training systems and an improved operator training as well as a guideline for ap-
plication engineers, who develop these systems. 
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