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Abstract

Introduction: Vehicular technologies intended for the improvement of driver safety are especially
critical today in the view of the thousands of deaths that occur annually due to drowsy driving.
Current technologies include physiological methods like electroencephalography (EEG), beha-
vioral methods including driver video monitoring, and vehicle measures which include lane and
steering wheel tracking. These current technologies are impractical in their current implementa-
tions as they cannot readily be used outside of laboratory settings due to their requirements for
intrusive electrodes, expensive cameras, and complex equipment. An earlier article demonstrated
an effective method for wheel tracking using only an accelerometer; however the introduction of
integrated gyroscopes and accelerometers has afforded further opportunities. Objective: This pa-
per introduces a novel, low-cost, and easy to implement an approach to address this unmet prob-
lem. Method: Through the use of an Inertial Measurement Unit (IMU) combining a gyroscope and
an accelerometer, measurements of steering wheel behavior were recorded in both simulator and
real world driving while compared against a standard potentiometer. Results: The excellent
agreement between potentiometer recorded angles and IMU estimated angles (Rz = 0.98, P < 0.001)
suggests that the complicated installation of potentiometers in vehicle steering columns is no
longer a necessary step for steering wheel monitoring. Conclusion: This paper presents an IMU
based method for drowsy steering-wheel behavioral tracking which is cost-effective, easy to im-
plement, and accurately estimates steering behaviors. The results suggest that this novel vehicle
technology offers hope for improving road safety.
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Units

1. Introduction

Many methods have been proposed for the detection of drowsy or fatigued driving. Researchers have tried phy-
siological measures which include heart rate, breathing rate, and brain activity via electroencephalography
(EEG). Behavioral measures including eye blinks and eye closures have also been used. Because these measures
have obtrusive properties, they are impractical for daily use with commuters and researchers have turned to ve-
hicle-based measures instead. Vehicle-based measures are embedded into the vehicle and its systems, making
them unobtrusive to the driver. These measures include monitoring of the drivers steering patterns for signs of
declining alertness and lapses in wakefulness which contribute to road accidents.

Drowsy and fatigued driving is a significant problem. It is responsible for about 1200 deaths and 76,000 inju-
ries every year in the United States alone [1] and the annual numbers worldwide are even higher. Greater than
14% of respondents who polled in Ontario Canada admitted having fallen asleep or nodded off while driving [2].
Sleep-deprived individuals become undetected drowsy drivers on the roads and highways [3]. The other types of
drowsy drivers are those who initially received sufficient sleep but engaged in prolonged driving which caused
their awareness to deteriorate over time [4]. Prolonged wakefulness is just as dangerous to driver safety as alco-
hol intoxication [5].

Physiological measures of drowsiness including EEG are not a practical measure of drowsiness due to the
complexity of setup and the non-portability of equipment. Commuters would be unable or unwilling to prepare
and apply EEG to themselves daily. In addition research has shown that engine vibrations affect EEG outcomes
[6].

Eyelid closures are behaviors that can be observed for drowsiness detection. Eye closures which last for more
than half a second are especially indicative of sleepiness [7]. PERcentage of eye CLOSure (PERCLOS) refers to
the percent of time that a driver’s eyelids are closed over a given interval. It has shown good promise as a means
for drowsiness detection [8]. Video-based eye closure monitoring methods are ineffective if the driver is wear-
ing eyeglasses [9] and give false positive readings if the driver looks down and around him [10]. Electrooculo-
graphy (EOG) methods for PERCLOS are too intrusive for widespread daily use due to their use of electrodes
and wires.

An important vehicle-based method for determining drowsy driving is the monitoring of a driver’s Steering
Wheel Movements (SWM) for drowsy patterns. The relationship between SWM and driver drowsiness has been
well documented. The correlation between a driver’s intervals of steering adjustments and their level of drowsi-
ness has been consistently seen by researchers [11] [12]. Drivers make fewer regular maneuvers when drowsy
than when alert. Despite the decline in overall steering inputs, the fewer inputs made are sudden and larger in
degree [13] [14]. Steering inputs in fatigued drivers are shown to have fewer micro corrections and more macro-
corrections, with sleeping drivers making no corrections [13]-[15]. It has been demonstrated that as the majority
of sampled drivers become drowsy, they tend to increasingly trend towards faster and larger steering corrections
[13].

With the knowledge that SWM is a highly effective and highly accurate measure of drowsy driving, there
have been several methods used by researchers to monitor SWM. Sayed and Eskandarian [16] measured SWM
using built-in equipment found in complex vehicle simulators. This approach is cost-prohibitive to the average
user and excessively powered for users requiring only SWM monitoring without extra options. Thiffault and
Bergeron [13] placed potentiometers along the axis of the steering column to directly measure the turn angle.
This would require users to have the technical knowledge and dexterity to install a potentiometer into the steer-
ing column of their vehicle or vehicle simulator. Potentiometer use would also require the dismantling of the
current vehicle setup to install the potentiometer. Despite the numerous progresses made by researchers towards
an effective method of deploying the SWM method on a wide scale, the use of a gyroscope has not been ex-
plored despite its ubiquitous use as the standard for rotational measurements in ships, airplanes, submarines and
space-crafts. Despite the large amounts of linear vibrations, noise, jolts and accelerations in the gyroscopes rou-
tine applications, it remains a highly accurate and widely proliferated standard of rotation measurement. Even
though gyroscopes are highly proliferated measures of rotation, their positional measurements have a tendency
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to drift with time [17]. Luinge [17] used gyroscopes to measure human orientation. To address the drift problem,
a 3D accelerometer which served as a tilt sensor was used to continuously recalibrate the gyroscope. Lee et al.
[18] used a gyroscope to estimate the posture of a mobile inverted pendulum. For drift correction in that case, a
tilt sensor was fused with the gyroscope. In spaceflight, NASA uses accelerometers to detect and null errors
generated in IMU devices. The accelerations caused by the earth are definitely known, and any discrepancies are
considered errors. In terrestrial flights, vacuum gyroscope drifts cause errors in directional readings and pilots
have to manually recalibrate the readings by hand, referencing a compass. Ring Laser Gyroscopes (RLGS) are
less prone to drift, but they cost upwards of $300,000 for a tri-axial unit [19]. Greene [19] proposed the use of a
piezoelectric gyroscope in place of an RLG. Due to drift, an accelerometer was used to stabilize the gyroscopes.
In our case, the use of regular automatic recalibration from an accelerometer would ensure seamless operation.

In this study, an Inertial Measurement Unit (IMU) based approach for monitoring the SWM is proposed. IMU
devices include gyroscopes and accelerometers. Due to modern Micro Electro Mechanical (MEMS) technolo-
gies, gyroscopes and accelerometers are now very affordable to obtain and have very compact form factors.
They are no longer restricted by cost or complexity to advanced navigation devices. The proposed use of gyros-
copes for SWM monitoring requires a minimal setup that is easy to install and uninstall. The only requirement is
that the gyroscope should be affixed to a surface of the steering wheel that would allow the device to be perpen-
dicular to the steering column axis.

An earlier study conducted showed the high accuracy and efficacy of using an accelerometer for the monitor-
ing of drowsiness via SWM methods [20]. The method proposed in this study depends upon the accurate acce-
lerometer-based method from the earlier study for solving the gyroscopes drift problems. In low noise or simu-
lator based environments, the accelerometer-based method might be adequate or preferable if an experimenter
has access to cheaper accelerometers. Although there has come to be widespread use of analog accelerometers,
there has since come about the availability of 6-axis digital MEMS sensors which incorporate a gyroscope and
an accelerometer in a tiny footprint (4 x 4 x 0.9 mm) such as the one used in this study. The benefit of this new-
er sensor type is that the combined setup helps to simultaneously improve the accuracy of both the accelerome-
ter and the gyroscope. Because accelerometers are prone to linear vibration noise and gyroscopes are prone to
slow drifts, the combination of the two sensors has provided new opportunities for SWM monitoring that were
originally not available in discrete analog accelerometers. Further, these opportunities are in a very tiny, unob-
trusive, and inexpensive package.

An algorithm was developed in this study for monitoring SWM that utilizes a gyroscope’s proficiency in de-
tecting angular velocities. The gyroscope outputs the rate of angular change, and then the proposed algorithm
interprets this data into SWM position angles with the assistance of an integrated accelerometer which accounts
for drift and is located on the same single-DIEmems.

This solution can meet the unmet problem to curb drowsy driving. Despite the safety efforts of the NHSTA
and The Federal Highway Administration (FHWA), drowsy drivers continue to take to the wheel and deaths and
injuries continue to yield consistently high annual fatality figures. The knowledge for detecting drowsy driving
exists but remains within the positive results of numerous successful driving trials. Manufacturers have found no
adequate method to deploy these known techniques. The necessity for a practical and inexpensive means for
drowsy driving monitoring is especially pertinent as an effective counter to the high fatality numbers. The pro-
posed method is simple, cost-effective and provides not only for drowsy monitoring on new vehicles, but also
allows for retrofitting on older vehicles and current model vehicles which on average continue to be manufac-
tured with no drowsy driving detection mechanisms.

Section 2 describes the method and materials for using a gyroscope-accelerometer fusion for SWM detection,
Section 3 describes the various tests performed to evaluate the efficacy of the method, Section 4 lists the results
obtained from the design and testing of the method, while Sections 5 and 6 discuss the results and list conclu-
sions.

2. Material and Method

2.1. The Basic Concept and Algorithm to Calculate SWM Using a Gyroscope-Accelerometer
Fusion

Gyroscopes detect angular velocity and they can be used to derive information about the angular orientation of
the steering wheel. An equation for real time monitoring of the rotational position of a gyroscope is given by



S. A. Lawoyin et al.

[21]:

Oyro [N] = O,yre [N —1]+ ANG[ ] 1)
where the gyroscope positional angle ¢ ,,[n] is based upon knowledge of the last positional sample
0. [n-1] as well as knowledge of the angular displacement since the last sample, which is the product of the

rate of angular change é[n], and the sample interval, An. The new position of gyroscope orientation can be

determined as 4, [n] with the above Equation (1). The equation was designed especially for capturing rota

tional movements originating from human motion [21]. SWM is a product of human motion, and will be served
well by this method.

A drawback to using gyroscopes for detection of angular rotation is the tendency for gyroscope positional
values to drift [17] [21].

The second part of the proposed IMU device is the accelerometer. An equation for extracting SWM angle

solely via an accelerometer is given as [20]:
A n
9[n]=atan[A*[ ]J 2)

A n]
where 6 was the SWM angle being estimated from the accelerometer readings of A [n] and A [n], H[n]
had a strong positive correlation with the steering wheels SWM angle 6, [n] [20].

The addition of an accelerometer to the gyroscope compensated for gyroscope drift via the accelerometers
perpetual ability for gravitational alignment. This is predicated upon the fact that the operation of Equation (2)
depends upon relative readings of gravity on the accelerometers separate axes. The accelerometers tendency to
pick up linear vibrations was in turn countered by the gyroscope which has sensitivity to angular velocity. The
IMU fusion led to a highly effective combination. When the steering wheel was in a neutral position as shown in
Figure 1, the main sensor was fastened to the steering wheel surface such the accelerometer gave a neutral an-
gular reading of H[H] =0" and the gyroscope Z-axis (g, marked as “x” was parallel to the steering column
axis.

Combining Equations (1) and (2), a complimentary filter was desianed to maximize the strenaths of both IMU
devices. An ideal relationship between ¢, , and 6 which would be easy to update in real time was found to
be the causal system:

Orinat [N] = (Qﬁna, [n-1] +[Ané[n] +2An9[n 1] ]x Boyo + atan( 2; %:ﬂx Boceer (3)

inal

Figure 1. The mapping of the IMU device to the steering

wheel.
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which is effectively a weighted addition of Equation (1) and Equation (2) with a few slight modifications. The

first modification was that ¢, [n] took over the role of @, [n]. This consequentially resulted in the causal

system referencing ¢, [n—1] rather than 6, [n—1], which is incidentally more correct for the newly formed

final gyro
system in terms of accurately calculating angle based in part upon the last known position. The second difference
was that the angular velocity output of the gyroscope was averaged over current and last known reading. This was
intended to provide a smoother reading and to improve overall accuracy rates of the newly fused system. At 250
Hz of sampling frequency, which yields 250 samples each second, the averaging of only 2 samples will not ad-
versely affect the overall signal even in the very short term.

Finally, Bgyro and faccer Were chosen as the coefficients for determining the percentage contribution of each
element in Equation (3) to the overall IMU fusion reading of SWM. The summation case therefore must always
hold that:

ﬂgyro + accel — 1 (4)

The full process for determination of the coefficient weights for Equation (3) is described in Section 3.

For comparison against current potentiometer based SWM angle recordings, a linear potentiometer in series
with the steering axis was used as a reference. Linear potentiometer output voltages vary in linear proportion to
their angle of rotation and can be modelled as a standard linear equation:

6, =mxV, +b ®)

where 6, was the steering wheel angle of rotation in degrees () and Vv, was the potentiometer voltage in
volts (V). m was the slope of the linear relationship and b was the y-intercept of the linear relationship.

To customize our model, the parameters m and Vv, were generated by sampling 90 data points per qua-
drant of the steering wheel, yielding approximately 1 sample of Vv, per 1°. Using these data points to generate a
linear relationship gave values of m=-93.409°/V and b=177.400°. All further potentiometer readings of
SWM angle were calculated by using these parameters with Equation (5) for derivation of 6, .

2.2. Equipment

The steering wheel used for simulator tasks was the Top Drive GT (Logic3, Hertfordshire, England). Simulator
driving tasks were performed using the OpenDS driving simulation software.

An MPU-6050 (InvenSense, San Jose, California) which is a 6-axis combined MEMS gyroscope + accelero-
meter was the main sensor. The sensitivity of the gyroscope was set at £250°-s - while the sensitivity of the ac-
celerometer was set at £2 g. At 4 mm x 4 mm x 0.9 mm and weighing less than a gram, the sensor lends itself to
portability and non-intrusiveness in any SWM application

The IMU data was collected using an amplifier based on the TI-ADS1299 Analog Front-End (Texas Instru-
ments, Dallas, TX). All data were sampled at 250 Hz.

Data were analyzed with MATLAB. For statistical analysis, linear correlations between data were determined
through linear regression, Pearson’s Linear Correlation coefficients, and Spearman’s Rho. P-values were rec-
orded at « = 0.05 unless otherwise specified. The correlations between potentiometer measured SWM and SWM
estimated via the gyroscope-accelerometer algorithm were determined using the cross correlation (xcorr) func-
tion of the MATLAB signal processing toolbox.

3. Testing

3.1. Test for Applicability of SWM Monitoring with an Accelerometer as the Sole IMU
Input

For this test, Equation (3) was used for generating the SWM signal 6, [n] . However, the signal here was gen-
erated using IMU data collected from the accelerometer only during road tests. For this purpose, gy, Was set to
0. The resulting signal was compared against potentiometer readings during the same period to determine the
usability of the signal and its correctness.

3.2. Test for Applicability of SWM Monitoring with a Gyroscope as the Sole IMU

Similar to the previous test, Equation (3) was used for generating the SWM signal 6, [n] using IMU data
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collected from the gyroscope during road tests. In this case, Baccel Was set to 0. The resulting signal was com-
pared against potentiometer readings during the same period to determine the usability of the signal and its cor-
rectness.

3.3 Test for Equal Weighting of Gyroscope: Accelerometer Coefficients Bgyro:facce

This test was intended to implement true signal combinations as described by Equation (3). Accelerometer and
gyroscope input were initially combined at a ratio of 50:50 for Sgyro:faccel-

3.4. Test to Determine Optimal Weights for Gyroscope: Accelerometer Coefficients

ﬁ gyro :ﬁ accel

Combining the two inertial measures of SWM measurements into a single efficient unit required the optimal
weight distribution of each component. It was intended that the shock resistant gyroscope which was sensitive to
angular rotations inherent to steering behavior and less sensitive to linear or translational noise would provide
the bulk of SWM monitoring data. It was also intended that the drift resistant accelerometer would contribute
just enough orientation data to ensure that the gyroscope measurement was perpetually calibrated against gravity
so that the angle did not drift with time.

Road tests on the high way were useful for making a determination of what ratio of Syyro:faccel Was most effec-
tive. The aim was to decide which weight ratio yielded the best data in relation to the potentiometer, since the
method was to eventually be an efficient replacement of the potentiometer for steering behavior monitoring.

3.5. Test for Accuracy of SWM Readings against Linear Potentiometer Using Selected
Weights

After the setup from 2.2 had been used to establish a relationship between ¢, 6., and 0, as well as a
standard for 6, , a participant was recruited to perform driving simulator activities for 45 minutes. The correla-
tion between 6, and 6, over this prolonged period was calculated.

Once strong correlation was seen in a simulator environment, an actual road test was performed which in-
volved the physical mounting of the simulator’s steering wheel platform into the vehicle interior while driving
tasks were performed by a passenger. This test involved about 20 minutes of driving tasks involving high speed

highway driving and city driving in stop-and-go traffic.

4. Results

Data were analyzed using MATLAB. Correlations between the inertial unit’s SWM data and the potentiometers
SWM data were determined via Pearson’s Linear Correlation coefficients, Spearman’s Rho, and Kendall’s tau.
Signal cross correlation between the Inertial Measurement Units output signal and the potentiometers output
signal were determined through the xcorr function of the MATLAB signal processing toolbox. P-values were
recorded at a < 0.05.

4.1. SWM Monitoring with an Accelerometer as the Sole IMU

For this test, Equation (3) was used to generate the SWM signal g, [n] from IMU data collected from the
accelerometer during road tests. In this case, gy, Was set to 0.

The purely accelerometer signal demonstrated noticeable amounts of road noise during road tests (Figure
2(a)). Although a low pass filter conveniently removed the noise (Figure 2(b)), the use of gyroscope fusion
demonstrated better results when optimal weighting eliminated the need for hardware or software filtering (Sec-
tion 4.4). Table 1 shows the results obtained when each IMU device was used as the sole SWM input. Table 1
also shows the result of a 50:50 IMU device input ratio.

4.2. SWM Monitoring Using a Gyroscope as the Sole IMU Input

The SWM signal 6, [n] was generated from IMU data collected solely from the gyroscope during road tests.
In this case, Baccel Was set to 0. Figure 2(c) shows a 24 second section of the gyroscope output waveform after
about 10 minutes of road driving. While the gyroscope output was of the correct waveform to match the poten-
tiometer output, the drifting caused the signal to eventually center around 150° (Figure 2(c)) whereas it would

()
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Figure 2. (a) Accelerometer only SWM signal; (b) Accelerometer only SWM signal passed through a 4™ order low pass
Butterworth filter; (c) Gyroscope only signal demonstrating slow drift; (d) Gyroscope only signal from road test demonstrat-
ing how the gyroscope signal would wander into a slow drift in the longer term; (e) A 50:50 distribution of accelerometer:
gyroscope signals.

Table 1. Various IMU device ratios and their correlation to potentiometer.

Ratio Correlation to potentiometer results
Paccel:Payro Xcorr Spearman’s Pearson’s Kendall’s
a 100:0 0.91 0.88 0.89 0.70
b 100:0 (5Hz low-pass) 0.96 0.95 0.96 0.80
c&d 0:100 (high gyro drift) 0.63 0.85 0.85 0.69
e 50:50 0.93 0.90 0.91 0.73




S. A. Lawoyin et al.

always be centered at 0° when calibrated by the accelerometer complement.

4.3. SWM Monitoring Using Equal Weighting of Gyroscope and Accelerometer Inputs

This test was intended to implement true signal combinations as described by Equation (3). Accelerometer and
gyroscope input were initially combined at a ratio of 50:50 for fgyro:faccel. The signal generated from this ratio
yielded a fairly noisy signal (Figure 2(d)). However, the signal generated through this weighting was less noisy
than the signal generated by the accelerometer only.

4.4. Optimal Weights Discovery for Gyroscope: Accelerometer Coefficients Sgyro:Bacce

Data used to optimize the weight ratio were collected during actual road driving to ensure a robust selection.
Various ratios were tried during this analysis and a few of the important ratios are shown in Table 2.

The ratio which was finally chosen was 99:1 or Sy, = 0.99, faccer = 0.01 (Figure 2(c)) because it had a
stronger correlation to potentiometer readings in all measures of correlation used, indicating signal correctness.
Additionally, visual inspection revealed a good balance between noise reduction properties and better signal
agreement with potentiometer readings.

SWM readings from cases in which the Sg,ro:faccel atio favored the accelerometer tended towards introducing
linear vibrations. These are very easily removable using a low pass filter or an averaging filter. However, using
the selected weight ratio of 99:1 as in this case, the accelerometer and gyroscope fusion yielded data that was
not significantly affected by linear noises or vibrations, even during highway driving, and city driving on rough
roads. It was unnecessary to filter the data. The gyroscope’s design as a measure of angular velocity about
clearly defined axes contributed greatly to the efficacy of this method for low-noise SWM monitoring. SWM
readings from cases in which the Sgyro:faccer ratio heavily favored the gyroscope tended towards introducing slow
signal drift, while SWM readings from cases in which the fgyro:faccer ratio heavily favored the accelerometer
tended towards introducing artifacts (Figure 2(a)). The selected ratio yielded optimal results.

4.5. Accuracy of SWM Readings as Compared to the Potentiometer

When subjected to prolonged SWM inputs over a 45 minute driving task, a strong cross correlation between the
two signals 6,,, and 6, was discovered (xcorr: 0.99; R 0.96; P = 0; Pearson: 0.99; P < 0.05).

As an extension of this test, the SWM readings derived from s 6, data were found to be capable of keep-
ing up with even the most rapid steering wheel movements that were tested. The steering wheel was subjected to
greater than 20 sudden rotations at rates up to 150°s * and the results during high speed rotations yielded a high
signal cross correlation between 6, and 6, (xcorr: 0.98; P < 0.05; Pearson: 0.97; P < 0.05). A small section
of this test is shown in Figure 4(a). The MPU-6050 sensor has a range of up to +2000°s * and was configured in
this test for use up to +250°s *.

To plot Figure 4 shown below, Equation (4) was used to convert the potentiometer voltages recorded from its
amplifier channel directly into 6,. Over the same sample period, Equation (3) was used to convert readings
collected from the gyroscope and accelerometer channels directly into ¢, 0, and ¢, were then overlaid
in the resulting plots.

The road test using the simulator steering wheel showed very positive results for the proposed method. The sig-
nal ¢, was highly correlated to the potentiometer output 6, (xcorr: 0.992; Pearson: 0.988, P = 0; R% 0.976, P

final

inal * inal

Table 2. Various IMU device ratios and their correlation to potentiometer.

Ratio Correlation to potentiometer results
Paceer:Boyro XCorr Paccel:Boyro XCorr
a 10:90 0.92 0.89 0.89 0.71
b 90:10 0.97 0.96 0.95 0.81
c 99:1 0.98 0.97 0.98 0.88
d 99.5:0.5 0.94 0.90 0.90 0.73
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=0) and the signals overlapped each other for the majority of the recorded time (Figure 3(b)).

5. Discussion

The method was tested for efficacy during real road driving. The described method allows for an inexpensive,
non-intrusive, and very easy to implement drowsiness detection system without the requirement for complex
equipment or major modifications to the current steering system. Although some minor vibrations were seen
during the mounting of the device in road tests, these vibrations affected angular signal at less than 0.1° angular
displacement when unfiltered. However it is important to know that SWM assessment of driver drowsiness is a
vehicle based behavioral measure which relies upon detection of trends slowly increasing towards drowsiness
and not necessarily upon precision within 0.1°. Further assessments of the method through the creation of a mo-
bile phone application were able to utilize the mobile devices internal gyroscope and accelerometer for accurate
SWM monitoring for drowsiness detection.

Bayro Was eventually chosen to be 0.99 and faccer Was chosen as 0.01. The output &, was the positional an-
gle result of the combined IMU setup in degrees. This output indicated the current wheel orientation in units of
degrees (°). The shock resistant gyroscope provided most of the SWM monitoring while the drift resistant acce-
lerometer contributed only the minimum amount of orientation data to ensure that the gyroscope measurement
was perpetually calibrated against gravity and did not drift with time.

These findings are important because the method does not require extensive modifications to existing vehicle
setups. The high affordability of this primarily gyroscope-based method also improves the feasibility of wide
scale deployment. Many individual researchers and federal regulators have invested large amounts of time and
manpower to stem the thousands of highway fatalities and injuries that occur worldwide each year as a result of
drowsy driving. Although these efforts have yielded reliable methods such as SWM, which has been touted by
researchers and government agencies as a potential lifesaver, there has still been no widespread practical means
to apply this method. As a result, the vast majority of highway vehicles continue to operate without drowsy
driving detection mechanisms, and thousands of fatalities and injuries continue to occur annually. With this me-
thod, the well documented SWM method of drowsy driving detection can be applied to curb highway accidents
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Figure 3. Various ratios of fgro:facce Plotted for (a) 10:90; (b) 90:10; (c) 99:1; (d) 99.5:0.5.
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and deaths with minimal cost to drivers and car manufacturers.

Future work will involve embedding this technology into vehicle steering wheels to further the potential for
its eventual integration into vehicular systems. In addition, the development of a steering mount implementation
will be researched to provide an easy alternative for drivers whose vehicles do not come with such technologies.
Other future work includes the investigation of alternate inertial components by manufacturer to further optim-
ize cost/performance output for the end user.

5.1. Slight Variations between 6, and 6,

Slight variations existed between 6, and &, which could be observed in the high velocity rotation testing
performed in 3.5. The 6, signal which comprised mostly of gyroscope data exhibited “ears” at the beginning
and end of very sudden turns during periods of high and rapidly changing angular velocities (Figure 4(a)).
Overall, the &, readings maintained high accuracy, even during sudden movements. Although such un-

usually high velocity steering activities are not expected to occur except during the most extreme driving cases,
possibly involving road accidents. Despite this, the readings of 6,,, maintained high accuracy.

5.2. Rotations beyond 360°

Because most steering wheels rotate through more than 360°, predictive readings can be used to compensate for
this effect. A tiny microcontroller for example can be used to adjust for this. If a range of 361° to 720° are the
base readings of the sensor, any measurements beyond a full counter-clockwise rotation would adaptively read
between 0° to 360° and any measurements beyond a full clockwise rotation would adaptively read between 721°
to 1080°.

5.3. Comparison of the Proposed Method with the Earlier Accelerometer-Based Method

The proposed method yielded a more noise resistant method of SWM monitoring when compared to the pre-
vious accelerometer-based method [20]. The use of a low pass filter is effective against vehicle and road noises
using the previous method, however, if a practical application of SWM monitoring calls for no phase shifting-
margin, then the current fusion method might be better suited. Phase shifted signals retain their accurate wave-
forms, however time delay could occur if filtered improperly. The currently proposed method did not demon-
strate any need for filtering, even during real road trials.

The unfiltered accelerometer-based method, while more prone to linear vibration noise than the current me-
thod, is very effective in drowsy driving simulation tasks especially as it is dangerous to place sleep deprived
subjects on the highway.

The benefit of the currently proposed system is the enhancement of the strengths and weaknesses of two
completely different sensors in a method whereby they both work more effectively. The use of a gyroscope for
the majority of the SWM data eliminates the problem of linear vibrations due to the gyroscopes insensitivity to
such data. It is seen that both methods are effective and accurate for their individually specific tasks. The current
method was not prone to road noise, engine noises, and other vehicle noises.
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Figure 4. (a) High speed SWM outputs remained highly accurate representa-
tions of ground truth steering movements; (b) The final signal (right) matches

the potentiometer signal.
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6. Conclusion

This study demonstrated that the effective fusion of a simple gyroscope and accelerometer can be used to accu-
rately monitor SWM for drowsy driving activities including sudden corrections and wide angle corrections. The
efficacy of the method was confirmed by comparing the SWM estimates generated by the method with actual
SWM readings collected from the steering-wheel potentiometer which yielded high correlation. The high corre-
lation suggests that the method could be used as a direct replacement of other SWM measures for the imple-
mentation of SWM-based drowsy detection algorithms.
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