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Abstract. Despite the huge number of studies on control-display compatibility 
conducted over the past fifty years, there are still debates concerning the effi-
cacy of conventional measures such as subjective evaluation and performance 
measures for discriminating between compatible and incompatible control-
display mappings. Since compatibility refers to the control-display relationship 
corresponding to mental model of the users, we tried to apply functional neuro-
imaging technique as a direct objective measure for analyzing cognitive factors 
involved in human-machine interaction (HMI). Functional Magnetic Resonance 
Imaging (fMRI) was applied in order to analyze rotary control-linear display 
movement compatibility for horizontal and vertical linear displays. Although 
the results of behavioral measures were not significantly different for incom-
patible and compatible control-display mappings, neuroimaging results were 
quite successful in discriminating between them. Moreover, the fMRI results 
showed significantly greater brain activity for the incompatible condition than 
for the compatible one in the left posterior cingulate and the right inferior tem-
poral gyrus that reveals the involvement of a greater cognitive load in terms of 
attention and visuomotor transformation in the incompatible condition. The re-
sults of this study suggest that neuroimaging method is a good complement to 
conventional measures and is quite helpful to acquire a better understanding of 
the cognitive processes involved in HMI. 

1   Introduction 

Human interactions with machines and equipment are basically performed through 
interfaces that include several displays and controls. Information about the system 
status is presented through displays and necessary actions are taken by users using 
corresponding controls which further affect the displayed signals. There is usually a 
preferred mapping between characteristics of display signals and elements in response 
set of corresponding control for most people that is called compatible mapping or 
population stereotype [26]. This mapping can be defined in different aspects of  
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control-display characteristics such as spatial arrangement, movement relation, con-
ceptual coding, etc. These kinds of tendencies should be considered by Human-
Machine Interface (HMI) designers in order to realize easier learning, faster response 
times, fewer errors, and generally better performance. Pioneering studies on control-
display compatibility (CDC) date back to works of [8], [34] in which they debated 
that displays and controls can not be examined in isolation. Because of the importance 
of CDC in human-machine interaction in terms of safety, performance, and user satis-
faction ergonomics studies are still ongoing on different aspects of compatibility [5], 
[31], [35]. 

The conventional methods for analyzing CDC are either based on subjective 
evaluations like paper-and-pencil test and behavioral measures like subjects’ reaction 
time or based on some developed heuristics (e.g. Warrick’s principle [34] for control-
display movement compatibility) each of which has its own benefits and deficiencies. 
Subjective measures are quite easy to apply with low cost but are susceptible to sub-
ject bias about the configuration being evaluated and are prone to dissociate with 
other types of measures like subjects’ performance [12], [25], [29], [32], [33], [35]. 
Behavioral measures are more objective and realistic than the subjective evaluations 
but they are mainly criticized because of their low sensitivity for discriminating be-
tween compatible and incompatible control-display mappings [5], [12], [36]. Consid-
ering developed heuristic principles, the main critiques associated with them are that 
they are not relevant to all control-display geometries and that sometimes inconsis-
tency exists among them within one control-display arrangement [12], [35]. 

Since control-display compatibility refers to the control-display relationship corre-
sponds to the mental model of the users, we tried to apply functional neuroimaging 
method [3] as a direct objective measure for complementing conventional measures of 
CDC analysis as well as for analyzing the cognitive processes involved in subjects’ 
interaction with the compatible and incompatible control-display mappings. There are 
several functional neuroimaging methods like Electroencephalography (EEG) [20], 
Positron Emission Tomography (PET) [1], and functional Magnetic Resonance Imag-
ing (fMRI) [14] among which the fMRI has been growing very fast in the last decade 
because of its lack of invasiveness (it can be applied to healthy subjects) and reason-
able temporal and spatial resolution. Functional MRI has enabled scientists to look 
into the human brain in vivo, to literally “watch it while it works”. The technique is 
safe, allowing repeated examinations to probe time-dependent changes in the human 
brain. Using this technique, one can analyze which brain areas have been activated in 
response to special stimulus comparing with a control condition. 

In recent years, application of functional neuroimaging methods in ergonomics is 
growing very fast [7], [15], [24], [27], [28]. In this study, we tried to use fMRI in 
order to analyze rotary control-linear display movement compatibility for vertical and 
horizontal displays. We tried to apply the neuroimaging method from an ergonomic 
point of view which is seeking two objectives: First, to find a cognitive measure for 
differentiating compatible and incompatible control-display movement mappings as a 
complement to the conventional measures of analyzing CDC. Second, to analyze 
which cognitive processes are involved in the interaction with the incompatible con-
trol-display movement mappings. The latter will ultimately lead to better understand-
ing of the human-machine interaction as well as improvement of the HMI design by 
reducing the load of the involved cognitive processes.  
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2   Method 

2.1   Participants 

Fourteen right-handed university students (mean age of 22 years old) participated in 
the study. All the subjects were healthy (no signs or history of medical or neurological 
diseases) and were native Japanese speakers. Subjects’ handedness were assessed by 
the Edinburgh Handedness Inventory [23], and the mean (SD) laterality quotient was 
97.1 (6.9). Written informed consent was obtained from each subject in accordance 
with the guidelines approved by the Strategic Research and Education Center for an 
Integrated Approach to Language, Brain and Cognition, Tohoku University 21st Cen-
tury Center of Excellence Program in Humanities, and the Helsinki Declaration of 
Human Rights, 1975. 

2.2   Experimental Paradigm 

Two types of linear displays have been selected for this study; one horizontal and one 
vertical display. For each configuration, the subjects were asked to select which con-
trol-display movement mapping is preferable for them. The selected mapping has 
been considered as the compatible one. Mean (SD) percent of preferability for com-
patible horizontal and vertical configurations was 87% (4.1) and 75% (5.5), respec-
tively. Based on this evaluation, two response mappings have been decided for each 
configuration: A compatible mapping that was in accordance to the subject’s pre-
specified preference and an incompatible mapping opposite to the compatible one.  

The task was designed so that the horizontal or vertical control-display configura-
tion was displayed to the subjects. Meanwhile, the display indicator started to fluctu-
ate within the specified limit shown by red stripes on the presented display. The  
subjects were asked to respond by using a rotary control. When the display indicator 
exceeds the specified lower or upper limit, they should respond to bring the indicator 
back to the normal position. For each configuration two tasks have been designed: a 
compatible task and an incompatible task. So, totally four task conditions have been 
included: Horizontal Compatible (HC), Horizontal Incompatible (HIC), Vertical 
Compatible (VC), and Vertical Incompatible (VIC). In order to exclude the unwanted 
brain activities, a control task was devised at the beginning of which an arrow was 
presented on the screen to show the direction (Clockwise (CW) or Counter-Clockwise 
(CCW)) that the subject was supposed to respond. Using this control condition, brain 
activities related to the perceptual input, judgment about whether the indicator ex-
ceeds the limit or not, and the motor output can be excluded from the task conditions 
in the analysis. Therefore, only the activations related to the response selection and 
the stimulus-response mapping will remain to be compared among the task  
conditions.  

A block paradigm has been designed for the experiment including four 15-sec task 
blocks named HC, HIC, VC, VIC and two 15-sec control blocks named CH and CV 
as depicted in Fig. 1.a. A cue before each block represented the coming task: “O” sign 
for the compatible task, “X” sign for the incompatible task, and a clockwise or 
counter clockwise arrow sign for the control task. In each task or control block, five 
deviations were designated and each block has been repeated five times in a session.  
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Fig. 1. Experimental paradigm 

The order of blocks was counterbalanced among the subjects. The task scenarios were 
designed so that the total number of CW and CCW responses was equal for different 
conditions in each session in order to remove the corresponding effects in terms of 
motor output on the brain activation. A 10-sec rest condition was also placed between 
the task conditions in which subjects were instructed to gaze at a fixation plus pre-
sented in the middle of the screen. 

Immediately after the fMRI scanning, a questionnaire was presented to the subject 
about the difficulty of the tasks. Subjects were asked to rate the difficulty of each task 
and express the way they managed the compatible and incompatible responses. 

2.3   fMRI Data Acquisition 

For performing the fMRI experiment, the subjects were asked to lie supine in the MRI 
scanner. A semi-lucent screen was put in front of the subject’s face and the visual 
stimulus was projected from outside of the MRI room to the screen. A rotary knob 
was set besides the subject so that he can comfortably manipulate it by the right hand. 
Thirty three slices (slice thickness = 3 mm, gap = 1 mm) covering the whole brain 
were acquired by the gradient-echo echo-planer (GE-EPI) magnetic resonance imag-
ing (MRI) (repetition time = 3000 ms, echo time = 50 ms, flip angle = 90°, FOV = 
192 × 192 mm2, voxel size = 3 × 3 × 4 mm3, matrix = 64 × 64) on a 1.5 T Siemens 
Magnetom Symphony scanner (Siemens, Munich, Germany). A T1-weighted struc-
tural image was also acquired for each subject. The fMRI scanning started with the 
rest condition for dummy scans to stabilize the effect of T1-time, and the total time of 
fMRI scanning for each subject was 13 min 45 sec. 

2.4   Data Analysis 

Image processing and the statistical analysis of fMRI data were carried out using the 
statistical parametric mapping (SPM2) software [9]. The initial three scans of each 
subject were dummy scans to equilibrate the state of magnetization and were dis-
carded from the analysis. The differences in the acquisition timing across slices in 
each scan were adjusted and effects of the head motion across the scans were cor-
rected by realigning all the scans to the first scan. The subjects with excessive head 
motions (more than 2mm in any axis) were excluded from the analysis. The data re-
lated to three subjects did not satisfy this criterion and were excluded from the analy-
sis. The functional scans were then spatially normalized to the Montreal Neurological 
Institute (MNI) space [6] and spatially smoothed with a 9-mm full-width at half 
maximum (FWHM) Gaussian filter to reduce the noise and minimize the effects of 
normalization errors. 
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For each subject, voxelwise statistical parametric maps (SPM) were calculated for 
linear contrasts between the regressors of interest. The SPMs from each subject for a 
given contrast were then entered into the group analyses, where participants were 
treated as random effects. Subtraction images were created for task versus control 
conditions (HC > CH; HIC > CH; VC > CV; VIC > CV), incompatible task versus 
compatible task for each display type (HC>HIC masked by HC>CH; HIC>HC 
masked by HIC>CH; VC>VIC masked by VC>CV; VIC>VC masked by VIC>CV), 
and incompatible condition versus compatible condition (HIC+VIC>HC+VC masked 
by HIC>HC and VIC>VC; HC+VC>HIC+VIC masked by HC>HIC and VC>VIC). 
The intersubject maps were created by performing a one-sample t-test on each voxel 
of each subtraction image on an intersubject basis in order to identify the voxels that 
had significantly large partial correlation. A statistical threshold was set at P < 0.05 
(corrected for Family Wise Error (FWE)). Finally, the resulting activation maps were 
constructed and superimposed onto the stereotactically standardized T1-weighted 
MRI images. In addition, the region of interest (ROI) analysis [22] was performed to 
evaluate the local blood oxygen level dependent (BOLD) signal changes in the acti-
vated regions. For each participant and ROI, the mean beta values were extracted 
separately for each experimental condition relative to the control condition. 

3   Results 

3.1   Behavioral Results 

Fig. 2.a shows the results of subjective ratings for HC, HIC, VC, and VIC conditions 
after the fMRI scanning. The mean subjective ratings for the compatible and incom-
patible conditions were also included by averaging the subjective ratings related to 
HC & VC conditions and HIC & VIC conditions, respectively. Although these ratings 
showed that the incompatible task is more difficult than the compatible one for both 
the horizontal and the vertical configurations, the difference between the compatible 
and incompatible tasks were not statistically significant (t-test, p<0.05). 

Fig. 2.b shows the mean reaction times in different tasks including HC, HIC, VC, 
and VIC. The mean reaction times were also included for the compatible condition by 
averaging the subjective ratings of HC and VC conditions and for the incompatible 
condition by averaging the subjective ratings of HIC and VIC conditions. The results 
of t-test statistics (p<0.05) did not reveal any significant difference between the com-
patible and incompatible conditions. 
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Fig. 2. Results of performance and subjective evaluations 
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3.2   Neuroimaging Results 

The results of inter-subject analysis revealed significant activation (FWE correction: 
p<0.05) for the “incompatible vs. compatible” contrast in the left posterior cingulate 
gyrus and the right inferior temporal gyrus (ITG). No activation has been found for 
other contrasts using the same statistical threshold. Fig. 3 shows the sites of peak 
activation related to the “incompatible vs. compatible” contrast in MNI coordinate 
along with corresponding activation maps.  

The results of the estimated beta values relative to the control condition are de-
picted in Fig. 3. The results showed that activation in the left posterior cingulate is 
significantly greater in the incompatible condition than in the compatible one 
(t(10)=7.12, p<0.001, Fig. 3.a (right panel)). Activation in the posterior cingulate was 
also significantly greater in the HIC condition compared to the HC (t(10)=2.63, 
p<0.05, Fig. 3.a (middle panel)), as well as in the VIC condition compared to the VC 
(t(10)=2.40, p<0.05, Fig. 3.a (middle panel)). The ROI analysis for the right ITG also 
revealed significantly greater activation in the incompatible condition than in the 
compatible one (t(10)=5.34, p<0.001, Fig. 3.b (right panel)). Activation in the right 
ITG was also significantly greater in the HIC condition compared to the HC 
(t(10)=2.47, p<0.05, Fig. 3.b (middle panel)), as well as in the VIC condition com-
pared to the VC ( t(10)=4.08, p<0.05, Fig. 3.b (middle panel)).  

Correlation analysis revealed a strong positive correlation between the difference 
of activation in the right ITG and the difference in subjects’ reaction time for 
HIC>HC contrast (r(10)=0.62, p<0.05). A strong positive correlation has also been 
found between the difference of activation in the left posterior cingulate and the right 
ITG for VIC>VC contrast (r(10)=0.72, p<0.05). 
 

 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3. Activation maps and beta estimates of activations 
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4   Discussion 

In this study, functional magnetic resonance imaging has been used as a method for 
complementing the conventional measures of differentiating compatible and incom-
patible control-display movement mappings as well as for analyzing the cognitive 
processes involved in the corresponding interactions. In this experiment, the results of 
subjective evaluation of task difficulty (Fig. 2.a) and subject’s reaction time (Fig. 2.b) 
showed greater ratings in average for the incompatible tasks than the compatible one. 
However, the difference was not statistically significant to differentiate the compati-
ble and incompatible control-display configurations.  

Although the results of subjective evaluation of task difficulty and performance 
were not successful in differentiating the compatible and incompatible control-display 
movement mappings, the results of the fMRI experiment showed a significant brain 
activation differences comparing the incompatible with the compatible condition. As 
it is shown in Fig. 3, activations in the left posterior cingulate and right ITG were 
significantly greater in the incompatible condition compared with the compatible one. 
Moreover, the activations of these areas were also significantly greater in the incom-
patible conditions for both the horizontal and vertical configurations. These results 
suggest that the activation of the left posterior cingulate and right ITG is a good pre-
dictor for differentiating compatible and incompatible control-display configurations.  

Besides differentiating between the compatible and incompatible control-display 
configurations, the obtained neuroimaging results can also be helpful to reveal dis-
tinctions between the cognitive processes involved in compatible and incompatible 
interactions. In this study, since no significant activation has been found comparing 
the compatible with the incompatible condition (FWE correction: p<0.05), the ob-
tained activations in the left posterior cingulate and right ITG represent the salient 
cognitive mechanisms which are more exploited in subjects’ interaction with the in-
compatible control-display configurations rather than with the compatible one. The 
posterior cingulate cortex receives projections directly from the visual cortex and 
projects strongly to the mediodorsal caudate nucleus, placing this area in an ideal 
position in which to integrate visual information and response output [2]. Several 
neuroimaging studies have reported the involvement of the posterior cingulate in 
visuomotor transformation, navigation, and spatial orientation [13], [17], [19], [21] 
supporting activation of this area in the context of interaction between visuospatial 
information and motor output. Higher activation of this area in the incompatible task 
reveals that the incompatible control-display movement mapping increases the task 
difficulty in terms of visuomotor transformation. Since activation of this area was 
significantly greater in the incompatible conditions than the compatible ones, it im-
plies that activation of this area can be a good measure for differentiating difficulty of 
visuomotor transformations in control-display movement mapping.    

The other activation area was found in the right ITG comparing the incompatible 
with the compatible condition. The ITG belonged to the higher visual cortex is a part 
of the ventral visual pathway [10], which is basically involved in object recognition. 
However, recent neuroimaging studies have revealed involvement of this brain region 
in tasks which require sustained attention and attentional control for conflict  
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resolution [16]. Moreover, neuroimaging studies of attentional load [4], [18] reported 
increasing activation in the right ITG with increasing attentional load in goal-directed 
visual task, the Stroop task, and the Simon task. The strong positive correlation be-
tween activation of this area and the reaction time found in the present study supports 
the idea that the increase in activation of this brain region is attributed to increase in 
the attentional load and is supported by previous neuroimaging studies [18]. Alto-
gether, greater activation in the right ITG as a part of the higher visual cortex can be 
reasonably attributed to more attentional load involved in interacting with the incom-
patible control-display movement mapping. Consequently, the significant difference 
in activation of this area in the incompatible condition rather than the compatible one 
for both the horizontal and vertical configurations reveals that the activation of this 
area can be a good measure for differentiating attentional load exploited for different 
kinds of control-display movement mappings.  

A significant correlation was also found between activation in the posterior cingu-
late and ITG. Since the posterior cingulate receives a massive input from the ventral 
visual pathway [30], it can be speculated that increase in task difficulty in terms of 
visuomotor mapping in the incompatible condition calls for more attention and in-
volvement of the ITG.          

The results of the present study show that the neuroimaging method can be a good 
complement for the conventional measures in analyzing human-machine interaction. 
Neuroimaging method is not only more sensitive than conventional measures to re-
veal the differences in human-machine interaction, but also is quite helpful for under-
standing the involved cognitive processes. Since behavioral measures reflect more 
than one cognitive process, they are not unique measures of mental workload [11]. 
Using neuroimaging technique, one can analyze different cognitive processes in-
volved in HMI by analyzing the activated brain areas.  

However, apart from high experimental cost of using fMRI, confounding factors 
like large subjects’ head movement that prevent the experimenter to perform highly 
interactive tasks that requires subjects’ locomotion should also be considered for real 
world applications. Nevertheless, these kinds of confounding factors may also be 
relaxed by using other kinds of neuroimaging techniques. 

5   Conclusions 

The fMRI has been exploited in this study to analyze compatible and incompatible 
control-display movement mappings. Application of this neuroimaging technique for 
differentiating two types of compatible and incompatible control-display configura-
tions revealed its capabilities to complement the conventional measures of control-
display compatibility. The fMRI results showed an increase of neural activity in the 
higher visual cortex (ITG) and the posterior cingulate which are attributed to more 
cognitive load in terms of attention and visuomotor transformation in the incompati-
ble condition. Altogether, the present study showed that neuroimaging method can be 
quite helpful for ergonomics studies in order to better understand the cognitive 
mechanisms involved in human machine interaction. 
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