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Abstract

Due to the fact that driving vehicles can be complicated or impracticable, a computer simulator is usually used for
training and professional studies. The advantage of this approach is high safety, repeatability, easier feasibility and, of
course, lower price. In this work we describe the extension of the car simulator developed by the Faculty of Transport
CTU in Prague with specific scenarios for evaluating the cognitive abilities of probands, software for their management
and evaluation of data from simulator software and other measured physiological variables such as ECG and arm
movement. From the data it is then possible to evaluate the mental and physical condition of the proband and the progress
of training. Preliminary results suggest the possibility of using Poincaré analysis for the purpose of assessing cognitive
load during potential collision situations. It uses distance assessment from other objects involved in traffic situations.
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Introduction

Car simulators are used to evaluate various types of
biological signals, including electrocardiogram (ECG)
[1, 2], electroencephalogram (EEG) [1, 2], electrooculo-
graphy (EOG) [2], and electrodermal activity (EDA) [1]
during driving. In addition, simulator data such as
steering wheel movement (SWM) is used to assess
drowsiness, since drowsiness reduces the number of
steering wheel micro-corrections and which also affects
the standard deviation of lane position (SDLP) [3].
Reaction times for specific difficulties e.g. lower limbs
after total knee arthroplasty are also evaluated [4].

This paper is a follow-up to our previous publication
that dealt with the design of a car simulator for the
selection and screening of patients after brain injury [5].

The clinical requirement of the physiotherapists was
the possibility of easy selection of scenarios with
different difficulty levels and subsequent automatic
evaluation including the final score for the proband. The
final score is important to increase motivation in the
rehabilitation process [6]. For these needs, an
application with a graphical user interface (GUI) was
developed in a Matlab environment. This work brings

enhancements mainly in the design of new scenarios,
processing and evaluation of electrocardiogram and arm
movements recordings and simulator data.

Methods and materials

Hardware

Car simulator, developed by the Faculty of Transport
CTU in Prague and described in detail in [5], fulfilling
the conditions for category 3 car simulator according to
Act No. 247/2000 of the Czech Republic, was used for
the measurements. The measured biosignals included
ECG recorded by Wireless 12-lead ECG EDAN SE-
1515 DX12 PC with a sampling frequency of 500 Hz
and stored in DICOM format with timestamps [5].
Ag/AgCI electrodes were connected, due to limb
movement during the driving simulation, according to
the Mason-Likar configuration [7]. The chest leads were
not attached. Arm movements were captured using 9-
IMU MetaMotionC units housed in a 3D printed
housing. Data transmission to the PC was provided by
Bluetooth Low Energy (BLE) technology [5].
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Simulator software

Car simulation software allows the creation of objects,
traffic situations and their triggers [5]. At start-up,
a specific driving scenario is selected by the physio-
therapist, which sets the position of the car, objects,
triggers on the given map. The monitored parameters,

which include car position, car speed, position of
controls, etc. [5], are stored. For precise synchroniza-
tion, physiological and simulator data were recorded on
one PC.

A sample screenshots of the city scenario are shown in
Fig. 1 and Fig. 2. Driving scenarios and evaluated
parameters are shown in Tab. 1.

Fig. 2: City map — upper view.
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Table 1: Driving scenarios and evaluated parameters.

Category

Scenario

Evaluated parameters

Recommended training

Motor control
of the vehicle

1. Control test

2. Car park —instructions

Maximum steering wheel rotation,
pedals depression

Reaching the desired speed, turning
at speed, stopping

Car park 1
Car park 2

Car park —slalom

Attention and
monitoring the
area around
the car

3. Highway — speed and
direction

4. Highway — neglect

Reaching the desired speed, speed
variations, maximum speed

Variation and ability to reach the
desired and maximum speed of car,
accuracy and speed of reactions

Car park —slalom

Car park 3
Countryside — straight
Countryside — bridge
Countryside — field

Passage of the
defined route

5. Countryside

Completion of the route, lane
keeping, deviation from the ideal
route by more than 2 m, driving
speed

Car park —slalom
Car park 3
Countryside — crisis
Countryside — bridge
Countryside — village

6. City — driving priority

Whether all driving priority have

Traffic been given correctly City

situations - ) q Whether all driving priority have Training track
- City —main roa been given correctly

Complex Whether the car was followed (not City

abiliiges 8. City — car following lost), speed of reaction (variability of  Training track

the distance between cars).

Training drive uphill
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The individual driving scenarios were designed in
collaboration with a traffic expert who identified the
basic types of tasks and situations to be performed by
the proband. At the same time, the scenarios were rated
according to the level of complexity for brain injury
patients. For these purposes, the opinion of the physio-
therapist was included in the process of determining the
level of complexity of the scenario. The monitored
driving parameters of the individual driving scenarios
are shown in Tab. 2-9. For each monitored driving
parameter, the range for successful completion of the
scenario is presented.

Table 2: Control test.

Monitored Description OK m X
Parameter
Accelerator Maximum
pedal accelerator pedal 1 - <1
(-) depression
Break pedal Maximum break
. 1 - <1
(-) pedal depression
Clutch pedal Maximum clutch
. 1 - <1
(-) pedal depression
Steering wheel - .
left Maximum left 1 i <1
turn
()
S.teerlng wheel - Maximum right
right 1 - <1
turn
()
Button Pressing the
(-) round button (2x) Yes ) No

Overall rating: All OK — passed, 1 X and more — failed

Table 3: Car park — instructions.

Monitored .
Description oK I X
Parameter
Start the car Start the car at least
Yes - No

(km/h) at 5 km/h

Reaching the
desired speed

Reaching a speed of
at least 60 km/h with  Yes - No

(km/h) 5% tolerance
Turning the steering

:'_‘;ft turn wheel to the left Yes - No
while driving

. Turning the steering

?I)ght turn wheel to the right Yes - No
while driving

Stopping Slowing the car to

Y, - N
(km/h) 0 km/h es ©

Overall rating: All OK — passed, 1 X and more — failed

44

Table 4: Highway — speed and direction.

Monitored Description OK n X
Parameter
Spe.ed_ Difference
variation between the
during <50 50-61 >61
. lowest and
monitored hichest
section (km/h) &
Time of

reaching the

Time to reach speed (after

110 km/h <37 37-41 >41
(s) speed was

higher than

2 km/h)
Maximum Maximum 121 90;00 >3)?r’0
speed (km/h)  speed 119  120-130 <90

Overall rating: All OK — passed, 1 !!! and more — warning,
1 X and more —failed

Table 5: Highway — neglect + Tab. 4 parameters.

Monitored
! Description OK m X
Parameter
Longest
Reaction reaction
time to left time to <= >
. 1.1-1.6>
side stimuli a stimulus 1.1 ( 1.6
(s) from the left
side
The ratio of
correct and
Correctness .
incorrect
of answers
. . answers to 1 - >1
right side L
) the stimuli
from the
right side

Overall rating: All OK — passed, 1 !l and more — warning,
1 X and more — failed
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Table 6: Countryside.

Monitored Description OK m X
Parameter
Completion .
of the route Cor'.npletlng the Yes - No

entire route
(bool)

What % of the

route was

performed by
Lane keebin the proband in
: P their lane (i.e. >98 9698 <96
(%)

X=more than

4% of the route

was made off

lane)

HLif the

proband was

driving slower
Relative than % of

0.5- over

speed a group of <0.5 took
(-) healthy drivers,

X if the proband

overtook the

carin front
Number of Th.e nfumber of
lane exit exits from >08  96-98 <96

()

a given lane by
more than 2 m

Overall rating: All OK — passed, 1 !!! and more — warning,
1 X and more — failed, NaN — in case of non-completion of

the route

The concrete numerical

limits in Tab. 4-6 were

defined to fit between first and third quartile for healthy

volunteers.

Table 7: City — driving priority.

Monitored Description oK I X
Parameter
Priority for P:ioot;?tndtgave
pedestrian P y . Yes - No
a pedestrian in
(bool)
a crosswalk
Priority for cars Proband gave
at crossroad 1 priority at the first Yes - No
(bool) crossroad
Priority for cars Proband gave
at crossroad 2 priority at the Yes - No
(bool) second crossroad
Priority for cars Proband gave
at crossroad 3 priority at the third  Yes - No

(bool)

crossroad

Overall rating: All OK — passed, 1 X and more — failed

45

Table 8: City — main road.

Monitored Description OK m X
Parameter
Correct
passage Proband did not
through stop at the first Yes - No
crossroad 1 crossroad
(bool)
Correct
passage Proband gave
through priority at the Yes - No
crossroad 2 second crossroad
(bool)
Correct Proband passed
passage the third crossroad
through safely (not less Yes - No
crossroad 3 than 3 m from the
(bool) car
Overall rating: All OK — passed, 1 X and more — failed
Table 9: City — car following.
Monitored Description OK m X
Parameter
Proband has
completed the
Car following route and has not Yes i No

(bool)

deviated from the
followed route by
more than 5 m.

Overall rating: All OK — passed, 1 X and more — failed
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Matlab GUI application

For the purpose of easier use of the simulator software
and hardware, a Matlab GUI application has been
designed. This application, shown in Fig. 3, allows the
selection of a given driving scenario without the need to
write to non-trivial parts of the simulator software. At
the same time, this application allows the writing of the
proband ID and the selection of the visualization of
intermediate results that are displayed after the comple-
tion of a chosen driving scenario. Another feature of this
app is the playback of audio files containing pre- and in-
test instructions. Generation of the final report after all
driving scenarios is possible.

& Sim Contral = x

Proband's 10 I
Play pre-test instructions.
Test | Control lest v
Play in-test instructions
Run

[] Show result visualization

Generate report...

Arm Tracker

Fig. 3: Simulator control GUI application.

Methods for the evaluation

To evaluate the measured data, the analytical methods
in time, frequency and time-frequency domain extended
by nonlinear analysis were used.

Time domain evaluation was mainly used for the
simulator data [8].

Frequency and time-frequency analysis was applied to
gyro-accelerometric arm movement data [9, 10]. In this
case, the resultant linear acceleration vector was
evaluated [11].

A Poincaré plot was used to assess heart rate
variability [12]. The distance between R-R intervals was
determined using maximal overlap discrete wavelet
transform (MODWT) [13] with preprocessing in the
form of Sgolay filter to reduce isoline drift [14].

46

Results

An example of the Poincaré plot analysis is shown in
Fig. 4.
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Fig. 4: Poincaré plot analysis.

The time-frequency analysis of the right hand move-
ment within a 4-minute drive is shown in Fig. 5.

Time-Frequency analysis - Right arm

a
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w Y] 11
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-

Fig. 5: Time-Frequency analysis: Right arm.
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Fig. 6 shows information about the position of the
individual controls of the simulator and the speed of the
car during the measurement.
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Fig. 6: Basic recording of simulator data during
a Control test driving scenario.

Visualization of the distance of the car from other
objects involved in traffic situations, including the
positions of their triggers is shown in Fig. 7.

Distance of the car from other objects

2501
@ Car route
— @ Triggers positions 18
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X-axis position [m]

Fig. 7: City — driving priority.

Discussion

The Poincaré plot (Fig. 4) was used for the assessment
of heart rate variability because of its easy inter-
pretability. The purpose of this method is to evaluate the
cognitive load during the different driving scenarios.

In the case of arm movement evaluation (Fig. 5), it
seems unpromising to use the time-frequency evalua-
tion, mainly because of the impossibility to detect small
differences in acceleration during the measurement.
A possible alternative method is the evaluation of SWM,
which can be seen in Fig. 6.

Driving scenarios Test control (result visualization
depicted in Fig. 6) and Parking — instructions show the
motor control skills. If the proband has 1-2 errors, it is
probably due to inattention.

Driving scenarios Highway — speed and direction and
Highway - neglect are focused on attention and
monitoring the area around the car. In addition to the
ability to control the car (with emphasis on the ability to
shift gears, which is necessary to reach the desired
speed), these scenarios also assess the extent to which
the proband is able to divide attention between the
speedometer, lane keeping, and objects around the car.

Driving scenario Countryside is mainly focused on
driving a defined route, i.e. testing vehicle control in
light traffic (completing the route without crashing) and
the ability to stay in the lane.

Driving scenarios City — driving priority (Fig. 7) and
City — main road focus on evaluating traffic situations,
specifically whether the proband can comply with traffic
rules in the city. The scenarios are failed if the proband
misjudges the driving priorities at least once.

The City — car following scenario is a bonus task,
which the proband pass only if he/she can handle the
City — driving priority and City — main road scenarios
without major problems. The ability to quickly navigate
in traffic and keep a safe distance from the leading car is
assessed.

After passing the desired scenarios, the control
application creates the report based on the limits
mentioned in Tab. 2-9 in HTML format which can be
opened in every Internet browser.

Conclusion

The information presented in this article may help in
the future development of a methodology for measuring
and assessing driving ability, especially in patients after
brain injury, which does not yet exist. For this purpose,
a test battery of driving scenarios with increasing motor
and cognitive demands was developed. The main
objective of the presented solution is to objectify the
assessment of driving abilities, which is currently based
on subjective evaluation by traffic experts.
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Suitable parameters to be monitored include steering
wheel, accelerator and brake pedal movements as well
as more complex tasks represented by the ability to
maintain a prescribed vehicle speed and ideal route.
Cognitive abilities and the ability to react to sudden
change are mainly tested in city scenarios where the task
is to follow the rules of the road. In this case, the use of
Poincaré analysis parameters is appropriate as it can
quantify the cognitive load and is easy to interpret
compared to other non-linear analyses.

In future research, the assessment of specific
complications associated with brain injury can be
investigated, e.g. using the evaluation of a neglect or a
reaction speed which are already implemented in
proposed system.

Acknowledgement

This work was done under the framework of research
project TJ02000036 “Back behind the Wheel -
Diagnostic and rehabilitation tool for people after brain
injury” sponsored by the Technology Agency of the
Czech Republic (TACR). It was also supported by the
project “Setting the conditions and the environment for
international and cross-sector cooperation”
(CZ.02.2.69/0.0/0.0/18_054/0014660) that is financed
from the Operation Programme Research, Development
and Education, European Structural and Investment
Funds and the Ministry of Educations, Youth and Sports
of the Czech Republic.

A preliminary version of the results published in this
article was presented at the Trends in Biomedical
Engineering 2021 conference.

References

[1] Muihlbacher-Karrer S, Mosa AH, Faller LM, Ali M, Hamid R,
Zangl H, et al. A driver state detection system—Combining
a capacitive hand detection sensor with physiological sensors.
IEEE Trans Instrum Meas. 2017 Jan 24;66(4):624-36.
DOI: 10.1109/tim.2016.2640458

[2] Raimundo D, Lourengo A, Abrantes A. Driving simulator for
performance monitoring with physiological sensors. In: 19th
IEEE Mediterranean Electrotechnical Conference (MELECON);
2018 May 2; Marrakech, Morocco. IEEE; 2018 Jun 11. pp. 119-
24. DOI: 10.1109/melcon.2018.8379079

[3] Henni K, Mezghani N, Gouin-Vallerand C, Ruer P, Ouakrim Y,
Valliéres E. Feature selection for driving fatigue characterization
and detection using visual- and signal-based sensors. Appl
Inform. 2018 Nov 1;5:7. DOI: 10.1186/s40535-018-0054-9

[4] Liebensteiner MC, Kern M, Haid C, Kobel C, Niederseer D,
Krismer M. Brake response time before and after total knee
arthroplasty: a prospective cohort study. BMC Musculoskelet
Disord. 2010 Nov 18;11:267. DOI: 10.1186/1471-2474-11-267

48

[5] Volf P, Bernaskova K, Hejda J, Francova A, Kutilek P, Hybl J,
et al. Car Simulator for Selection and Screening of Patients After
Brain Injury. In: 19th International Conference on Mechatronics
- Mechatronika (ME); 2020 Dec 2—4; Prague, Czech Republic.
IEEE; 2020 Dec 14. pp. 1-5
DOI: 10.1109/me49197.2020.9286600

[6] Aarhus R, Gronvall E, Larsen SB, Wollsen S. Turning training
into play: Embodied gaming, seniors, physical training and
motivation. Gerontechnology. 2011 Apr;10(2):110-20.

DOI: 10.4017/gt.2011.10.2.005.00

[7]1 Papouchado M, Walker PR, James MA, Clarke LM.
Fundamental differences between the standard 12-lead
electrocardiograph and the modified (Mason—Likar) exercise
lead system. Eur Heart J. 1987 Jul 1;8(7):725-33.

DOI: 10.1093/eurheartj/8.7.725

[8] Chen LK, Ulsoy AG. Experimental evaluation of a vehicle
steering assist controller using a driving simulator. VVeh Syst
Dyn. 2006 Mar 1;44(3):223-45.

DOI: 10.1080/00423110500268350

[9] Nijsen TM, Aarts RM, Cluitmans PJ, Griep PA. Time-frequency
analysis of accelerometry data for detection of myoclonic
seizures. IEEE Trans Inf Technol Biomed.
2010 Jul 26;14(5):1197-203. DOI: 10.1109/titb.2010.2058123

[10] Preece SJ, Goulermas JY, Kenney LP, Howard D. A Comparison
of Feature Extraction Methods for the Classification of Dynamic
Activities from Accelerometer Data. IEEE Trans Biomed Eng.
2008 Oct 31;56(3):871-9. DOI: 10.1109/tbme.2008.2006190

[11] VolIf P, Kutilek P, Hozman J, Hejda J, Cerny R. Qualitative
evaluation methods of movement of the vestibular system in
neurological practice. In: 39th International Conference on
Telecommunications and Signal Processing (TSP); 2016 Jun 27—
29; Vienna, Austria. IEEE; 2016 Dec 1. pp. 354-360.

DOI: 10.1109/tsp.2016.7760896

[12] Henriques TS, Mariani S, Burykin A, Rodrigues F, Silva TF,
Goldberger AL. Multiscale Poincaré plots for visualizing the
structure of heartbeat time series. BMC Med Inform Decis Mak.
2015 Dec 9;16:17. DOI: 10.1186/s12911-016-0252-0

[13] Sundarasekar R, Thanjaivadivel M, Manogaran G, Kumar PM,
Varatharajan R, Chilamkurti N, et al. Internet of Things with
Maximal Overlap Discrete Wavelet Transform for Remote
Health Monitoring of Abnormal ECG Signals. J Med Syst.
2018 Nov 11;42:228. DOI: 10.1007/s10916-018-1093-4

[14] Schafer RW. What Is a Savitzky-Golay Filter? [Lecture Notes].
IEEE  Signal Process Mag. 2011 Jun 16;28(4):111-7.
DOI: 10.1109/msp.2011.941097

Petr Volf, Ph.D.

Department of Biomedical Technology
Faculty of Biomedical Engineering
Czech Technical University in Prague
ném. Sitna 3105, CZ-272 01 Kladno

E-mail: petr.volf@fbmi.cvut.cz
Phone: +420 224 359 714

Lekar a technika — Clinician and Technology 2021, vol. 51(1-4), pp. 42—48, DOI: 10.14311/CTJ).2021.1.06

ISSN 0301-5491 (Print), ISSN 2336-5552 (Online)



https://doi.org/10.14311/CTJ.2021.1.06
https://doi.org/10.1109/TIM.2016.2640458
https://doi.org/10.1109/MELCON.2018.8379079
https://doi.org/10.1186/s40535-018-0054-9
https://doi.org/10.1186/1471-2474-11-267
https://doi.org/10.1109/ME49197.2020.9286600
https://doi.org/10.4017/gt.2011.10.2.005.00
https://doi.org/10.1093/eurheartj/8.7.725
https://doi.org/10.1080/00423110500268350
https://doi.org/10.1109/TITB.2010.2058123
https://doi.org/10.1109/TBME.2008.2006190
https://doi.org/10.1109/TSP.2016.7760896
https://doi.org/10.1186/s12911-016-0252-0
https://doi.org/10.1007/s10916-018-1093-4
https://doi.org/10.1109/MSP.2011.941097

