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ABSTRACT

The paper proposes a method to enhance the accuracy of head rotation angle estimation by
integrating micro-inertial measurement sensors and digital filtering. The method is implemented
under a stable gaze condition. Experimental results show that, compared to Mahony and Kalman
filters, the proposed approach significantly improves the accuracy of head rotation angle
estimation, with an RMS error of less than 0.1 degrees in horizontal plane rotation while
maintaining real-time performance. These results are well-suited for applications in vestibulo-
ocular reflex (VOR) signal recording for vestibular disorder diagnosis.

Keywords: Vestibulo-ocular reflex (VOR); Inertial measurement unit (IMU); Adaptive digital filtering; Mahony filter;
Head angular velocity; Micro-electromechanical sensors (MEMS).

1. INTRODUCTION

The vestibulo-ocular reflex (VOR) is considered as an automatic control system, where the
input is head movement and the output is eye movement, aiming to maintain visual stability and
body balance during head motion [3, 4]. By providing input stimuli and recording output signals,
it is possible to model and analyze the vestibular system to explain the causes of dizziness and
imbalance disorders. Accurate detection and diagnosis of these disorders are of significant medical
importance but remain challenging for clinical-support technical devices.

One of the methods for assessing vestibular function involves measuring head rotation and
observing eye movements during vestibular reflex tests [6]. To achieve measurements closely
aligned with true values, precise gyroscopes, such as ring laser gyroscopes, are overly expensive
and bulky for most practical applications. Therefore, the use of advanced measurement devices
such as inertial measurement units (IMUs) is becoming a trend [1]. Researchers have utilized
compact, accurate, and affordable inertial measurement unit (IMU) sensors and developed
algorithms to compute angular kinematics of one or more body segments in biomechanics and
clinical applications [10-14]. IMUs can measure both rotational and linear head movements using
micro-electro-mechanical sensors, including accelerometers, gyroscopes, and magnetometers [4].
However, signals from IMUs often contain accumulated errors and noise [5], negatively impacting
measurement accuracy.

The Kalman filter [9, 15] has become a widely accepted basis for the most accurate and efficient
orientation filtering algorithms. However, Kalman-based solutions require significant
computational resources, posing a major challenge for deploying compact devices used in VOR
examination. The Mahony filter [7] demonstrates high performance under dynamic conditions by
using a PI feedback loop, enhancing stability and providing rapid response when estimating
rotation angles from inertial micro-electro-mechanical sensors (IMU). It effectively suppresses
noise from accelerometers and magnetometers, reducing drift and increasing accuracy compared
to simpler filters. With its lightweight computational structure, the Mahony filter is particularly
suitable for microcontrollers and real-time embedded systems. However, in environments with
strong magnetic interference or high vibration, the filter's performance can be affected due to
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sensor calibration processes being less optimal compared to advanced nonlinear methods.

In this paper, the authors propose combining an IMU with an adaptive digital filter to enhance
the estimation of head rotational velocity. The proposed method calculates a single estimated
orientation angle through an optimal fusion of measurements from gyroscopes, accelerometers,
and magnetometers, ensuring real-time performance for vestibular reflex examination procedures.
The novel aspects of the proposed adaptive filtering approach include: a gradient descent algorithm
compatible with sensors from various manufacturers; an online magnetic distortion compensation
algorithm; gyroscope drift bias compensation; and elimination of the effects caused by sensor
placement relative to the center of rotation. The paper also evaluates and compares the
performance of the proposed method against Mahony, Kalman, and conventional digital filters on
the same dataset. Simulation results demonstrate that the proposed method significantly improves
the accuracy of head rotation angle measurement, meeting the requirements for clinical vestibular
diagnostic applications.

2. METHOD

The method for estimating the orientation angle of head rotation is illustrated in figure 1. The
adaptive digital filtering algorithm is designed to estimate the relative orientation angle between
the sensor coordinate system and the Earth coordinate system (figure 2a), based on measurement
data from accelerometer, magnetometer, and gyroscope sensors. In this paper, the following
notations are used: Subscripts S and E denote quantities in the sensor coordinate system (Sensor —
S) and Earth coordinate system (Earth — E), respectively; the subscript S-E denotes relative
quantities between coordinate system E and coordinate system S; the subscript # denotes discrete
samples of quantities in the time domain. As shown in figure 2a, any rotational orientation of
system S relative to system E can be achieved by a rotation through angle 6 around the OA axis.
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Figure 1. Block diagram of the proposed adaptive digital filter for rotation angle measurement.

A quaternion describing orientation does not impose restrictions on vector magnitude, so it is
usually normalized. Thus, by convention, all orientation quaternions have unit length (1). The
quaternion conjugate, denoted by (.)* can be used to switch between relative coordinate systems
describing orientations. Therefore, ¢, . is the conjugate of ¢, , used to describe the relative

orientation between the sensor coordinate system and the Earth coordinate system (2).

éSE=[q1 q, ¢, q4]= cosg —r sing —r sing —r sing (1)
— 2 x 2 y 2 z 2

A

Gs & =4qrs :[% -4, 4 _q4] (2)
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(b)
Figure 2. Placement of two IMUs sensors.

Suppose there is a system with two inertial measurement units (IMUs) attached to the head
(figure 2b), rotating around the z-axis perpendicular to the horizontal plane. The two IMUs are
oriented toward the center of rotation at distances of R and R, = R; + r. The objective of the system
(figure 1) is to determine the actual rotation angle of the head in the horizontal plane, which serves
as the orientation parameter for eye movement at the moment of gaze stabilization, independent
of sensor placement.

The three-degree-of-freedom (3-DOF) gyroscope measures angular velocity around the x, y, z
axes within the sensor-fixed coordinate system, denoted as wx, @y, @.. Measurements from two
gyroscopes 1 va w; corresponding to equation (3), are input into the angular velocity fusion and
drift compensation block (figure 1) to form a combined measurement signal as shown in equation
(4). The angular velocity can be expressed in quaternion form, comprising components along the
X, y, z axes in the sensor reference frame, as described by equation (5).

o =0+c +1,, W, =w+c, +1, ©)
1 1 L

a=s(are)=ors(ara) () @

Wy :[0 o, o, 0)2] ©

where o is the actual rotational velocity of the head; ci, ¢, represent the gyroscope drift (or zero
offset), slowly varying over time; and 11, 1> denote measurement noise, assumed to be white noise.

Gyroscope drift varies over time, temperature, and motion, while measurement noise can be
considered very small under conditions of low rotational velocity in VOR examination
applications. Both gyroscope drift and measurement noise can be compensated by the proposed
adaptive digital filter through integral feedback of orientation rate errors. Assuming that the
normalized orientation estimation error ¢, , and the actual estimated orientation ¢, are
obtained through the proposed filter, the angular measurement error w. for each gyroscope axis
can be expressed in discrete form as shown in equation (6).

a)e,S (l’l) zzé;t,S—E (n_1)®q;\e,S—E (n) (6)

where ® denotes quaternion multiplication.

The gyroscope drift w, is represented by the DC component of w. and thus can be eliminated
by integrating w. with a weighting coefficient { as shown in equation (7). The drift and the fused
angular velocity measurement (5) are fed into the drift compensation block to generate drift-
compensated gyroscope measurements (8), as illustrated in figure 1.
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W, s (")=§Z%s (”)T (7

@y s (n):a’s (”)_a’b,s (n) (®)

where T is the sampling period.

The quaternion derivative representing the rate of change of orientation in the Earth coordinate
system relative to the sensor coordinate system is expressed in equation (9). By numerically
integrating this quaternion derivative, the orientation in the Earth coordinate system relative to the
sensor coordinate system can be computed as shown in equation (10). Consequently, the estimated
samples of actual orientation are simultaneously fed into both the quaternion rate estimation block
and the quaternion integration update block (see figure 1). Another input to the quaternion rate
estimation block is the drift-compensated gyroscope measurement w.s used to compute the
quaternion derivative, which then feeds into the remaining input of the quaternion integration
update block.

. 1.
q(u,S—E (n) = qust,S—E (n - 1) ® a)c,S (n) (9)
90.5-E (”) =G5k (n - 1) + G5k (”)T (10)

However, to directly utilize measurement (10) for determining the actual orientation of head
rotation, the proposed filter needs to calculate the normalized orientation estimation error ¢, s_ . This
quantity can be obtained by fusing measurements from accelerometer and magnetometer sensors.

The centripetal acceleration measurements from the two accelerometers a,, a, (figure 1) are
represented by equation (11). These acceleration measurements are sent to the acceleration fusion
block to eliminate their dependence on the distance to the center of rotation through equation (12),
and their quaternion representation is expressed in equation (13). It can be observed from equation
(12) that the fused angular acceleration measurement is independent of the distance to the center

of rotation and only depends on the relative distance » between the two IMU placements. This
relative distance 7 is constant in the design of the VOR recording device.

4 =Raw’ +v, 4, =R’ +v, (11)
dg=a,—a,=re’ +(v,—v) (12)
ag=[0 a, a, a.] (13)

where vi,v, are measurement noises from accelerometers, assumed to be white noise with small
magnitudes due to slow changes in actual rotational speed (acceleration).

A three-axis accelerometer measures the magnitude and direction of the gravitational field in
the sensor coordinate system, combined with linear acceleration due to sensor motion. Meanwhile,
a three-axis magnetometer measures the magnitude and direction of the Earth's magnetic field in
the sensor frame, incorporating local magnetic flux and distortion. However, measurements from
these sensors contain noise and do not yield a unique sensor orientation solution; instead, there are
infinite solutions representing all orientations achieved by rotating the true orientation around an
axis parallel to the field, making direct use of these measurements unreliable. Therefore, a
quaternion representation requires an optimal solution.

The quaternion representation of the reference orientation of the magnetic field in the Earth-
fixed frame d, and the measured orientation of the magnetic field in the sensor coordinate system
Sg 1is defined through equations (14) and (15). The quaternion describing orientation (1) is the

alignment that matches the direction of d » with the measured direction §, . Therefore, ¢, , can
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be determined as the solution that minimizes the objective function (16), (17).

d,=[0 d, d, d.] (14)
§=[0 s, 5, 5] (15)
min /(4 .d;.) (16)

s 0dis3s ) =G5 ©d @Gy ;=5 (17)

Before determining the optimal solution (16), it can be assumed that the direction of gravity is
defined solely along the vertical z-axis. To establish the rotational orientation, the measured gravity
from the sensor can be normalized as expressed in equation (18).

g:=[0 0 0 1] (18)

Substituting equations (13), (14), (15), and (18) into (17) yields the gravity-based objective
function (19) and the Jacobian representation of the objective function (20) below.

2(%‘]4 _qqu)_ax

fg(éS—E’&S)z 2(‘11%_‘13%)_% (19)
1-¢; — ¢ —a.
29, 2q, 29, 2q,
Jg(c}H)z 2q, 2¢q, 2q, 2gq, (20)

0 —4g, —4q; 0

The Earth's magnetic field can be considered to have components along a horizontal x-axis and
a vertical z-axis. Therefore, the magnetic field in the Earth-fixed reference frame b, can be

represented by equation (21), while the magnetometer measurements in the sensor coordinate
system i, include full components along three axes (22).

b,=[0 b, 0 b] (21)
g =[0 m, m, m.] (22)

Substituting equations (14), (15), (21), and (22) into (17) yields the magnetic field-based
objective function (23) and the Jacobian representation of this objective function (24) below.

2b,(0.5-; —q;)+2b. (g4, —q:q5) —m,
Sids-eoBetins ) =| 2, (9.5 —9,4.) + 2b. (010, +0:9.) —m, (23)
2b, (9,4 +q:4) +2b.(0.5- g5 — g3 ) —m.
—2b.q; 2b.q, —4bg;—2b.q, —4bq,+2bg,
Jy(ds sobe ) =| 20,9, +2b.q, 2b.q,+2bg, 2bg,+2bq, -2bg,+2bg, (24)
2b.qy 2b.q,—4b.q, 2bgq,—4b.q; 2bgq,

As analyzed above, individual measurements of Earth's gravity or magnetic field alone do not
provide a unique orientation for the sensor. To obtain a unique orientation solution, the
measurements and reference directions of both fields can be combined as described by expressions
(25) and (26), where the superscript 7 denotes the transpose operation.
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fg (ésts&s) (25)

fg,b(Qs-E:asabE’ms)z 5 b
Jo\ds-i>bg> 5

Joo\dse-be )= (26)

I3 (ds-e-5¢)

To achieve the solution that minimizes the objective function, the proposed adaptive algorithm
employs the gradient descent method due to its simplicity in implementation and computation
among existing optimization algorithms. To enhance convergence efficiency, the proposed
adaptive algorithm adjusts the step size u to an optimal value at each iteration. The gradient descent
algorithm's estimated orientation angle is calculated via equation (27). The gradient of the

objective function Vf is determined by accelerometer dg(n) and magnetometer 7 (n) sensor

measurements sampled at time » as shown in equation (28).

A \Y
qv,s-k (n):qest,SfE (I’l—l)—,u(n)m (27)

Vf = J;,b (‘?m,st (n - 1)’I;E )fg,b (qust,S—E (n - 1)’&5‘ (n)al;E (n)ar;ls (n)) (28)

where the subscript V indicates that the quaternion is computed using the gradient descent
algorithm; the optimal value u(n) is defined as the value ensuring the convergence rate of
dys_i (n) bounded by the physical orientation rate to avoid overcorrection if the step size is too

large. The value u(n) at each iteration is calculated according to equation (29).
Gos (M) T, a>1 (29)

where ¢, ¢, (n) is the physical orientation rate measured by the gyroscope, and a is the increment

u(n)=a

of u to account for noise in accelerometer and magnetometer measurements.

The estimated orientation angle of the sensor coordinate system relative to the Earth-fixed
reference frame ¢, ,(n)is derived from the quantities g, ,(n)(10) and g ,(n)(27)
through equation (30).

Dest,5-E (”) = 7(”)QV,57E (”) + (1 - 7(”))%),st (n), 0< 7(”) <1 (30)
The filter parameter y(n) is used to ensure uniform convergence of g, () and gy ,(n)

p(n)
T

and is calculated by equation (31), where

and S(n) is the corresponding convergence rate of

9os5-E (”) and qv sk (”)

y(n)=ﬂ(% G1)

. +
7 B
For the adaptive filter to achieve a fast convergence rate, the quantity gy ;_, adjusted by a must

converge faster than the device's physical orientation change rate. Therefore, a has no upper
bound. If o is assumed to be very large, causing u(n) to grow significantly, the quantities computed
by the filter below are simplified as follows:
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(). BT
Gvsi (1) ~—p(n) ik y(n) () 0 (32)
Therefore:
G est,s-E (n) = éest,S—E (n - 1) 9055 (n)T (33)
Gest.5- (n) =Gus i (n) - ﬂée,s—E (n) (34)
X \Y%
Ges— (1) ="V—f,” (35)

The estimated true rotational orientation angle of the device (33) is required to accurately
calibrate Earth's magnetic field measurements (21) due to measurement noise caused by the
presence of ferromagnetic components, electrical devices, or metallic materials near the
magnetometer. Magnetic field measurement errors can be compensated by the accelerometer,
which provides supplementary measurements of the sensor's state. The measured direction of the

Earth's magnetic field in the Earth-fixed reference frame /,, (n) is calculated from the normalized
magnetometer measurement rig (n), rotated by an angle relative to the sensor ¢, ;_, (n—1) based

on the filter's estimate, as described in equation (36).
hAE (}'Z):[O hx hy hz:lzéest,S—E (n_1)®ﬁlé‘ (n)®é:st,S—E (l’l—l) (36)
According to equation (21), the filter's reference direction for the Earth's magnetic field

eliminates noise by computing b, (n) similar to /, (n), normalized to retain only the x- and z-axis

components in the Earth-fixed reference frame (37).
be(n)=[0 J+ri 0 ] (37)

From equations (7) and (34), the filter gain f must be chosen such that all mean measurement
errors of the gyroscope are zero, while the filter gain { represents the convergence rate to eliminate
gyroscope measurement errors. For convenience, f and {'can be expressed using the angular

velocity @, and the rate of change of angular velocity a7)§ where @, denotes the estimated zero-

mean gyroscope measurement error per axis, and cg)4 represents the estimated gyroscope bias drift

rate per axis. Using equation (9), f and { can be calculated via equations (38) and (39).

p= %‘}®[0 @y @, @] Z\/;@ﬂ (38)
1 A s < < 3 <
g:‘g ®[0 ®, o a)J =\/;a)§ (39)

With the estimated quaternion (33) describing the orientation, three angular quantities &, v,
and ¢ rotating around the z, y, and x axes, respectively, in the Earth-fixed reference frame can be
extracted. However, in VOR experiments, only the horizontal rotation angle ¢ of the head is of
interest. Therefore, from equations (1) and (33), the angular quantity ¢ is computed using equation
(40). This expression is not part of the proposed filter but is simply an Arctan function computation
block, as illustrated in figure 1.

& =arctan2(2q,9, —24,4,.24; +24; 1) (40)
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Through the above analysis, the proposed method and its operation based on the block diagram

in figure 1 are described by algorithm 1, where the filter inputs are the measured quantities from
the sensors, the filter output is derived from the quaternion update block, and the estimated head
rotation angle is the output of the Arctan block.

Algorithm 1. Head Rotation Angle Estimation Based on Adaptive Filter

1. Use equation (4) to compute the fused angular velocity measurement from two gyroscopes;

2. Use equation (8) to combine the output of the zero-bias computation block and the fused
angular velocity measurement, generating a drift-compensated angular rate at the output of
the angular rate fusion and drift compensation block;

3. Calculate the quaternion rate using equation (9), which takes the product of the drift-
compensated angular rate and the filter output;

4. Amplify the normalized error gradient; combine it with the quaternion rate computation block
output in the quaternion update block through equations (34) and (33) to form the filter
output;

5. Use magnetometer measurements and the filter output to cancel magnetic field noise via
equations (36) and (37);

6. Use equation (12) to fuse centripetal acceleration measurements from two accelerometers;

7. Compute the error function gradient via equation (28), then normalize the gradient;

Calculate the head rotation angle using the Arctan function (40).

3. RESULTS AND DISCUSSION

Based on the characteristics of three specific stimuli designed to generate vestibular-ocular

reflex (VOR) measurement signals in real-world applications, the following experiments evaluate
the performance of the proposed adaptive digital filter in processing sensor data and compare it
with another filter under three cases: Casel: Sinusoidal horizontal head oscillation; Case2:
Horizontal head oscillation followed by a stop; Case3: Arbitrary horizontal head
oscillation (see figure 3).

The experimental and comparative results are presented in figures 4—6 and table 1. For

evaluation, the authors used MPU9250 sensors and an ATMEGA328P-AU microprocessor
mounted on an Arduino R3 board to record signals and Basys 3 Artix-7 FPGA Digilent Board,
followed by simulations conducted in MATLAB 2021a.
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Figure 3. Data with measured sensor noise: a) Casel,; b) Case2; c) Case3.
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Figure 5. Processing measurement data in Case2:

a — Adaptive digital filtering, b — Mahony, ¢ — Kalman.

Table 1. Sensor Data Processing Comparison Results.

0

Filter RMSE,
Casel Case2 Case3
Adaptive digital filtering 0.0832 0.0577 0.0636
Mahony 0.1501 0.1876 0.2019
Kalman 0.1020 0.0788 0.2454
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Figure 6. Processing measurement data in Case3:
a — Adaptive digital filtering, b — Mahony, ¢ — Kalman.

From figures 3—6 and table 1, it can be observed that the proposed adaptive digital filter, the
Mahony filter, and the Kalman filter provide head rotation angle estimates with small errors.
However, the proposed adaptive digital filter ensures the smallest angular deviation compared to
conventional Mahony and Kalman filters. The analysis also demonstrates that the proposed filter
performs real-time magnetic distortion compensation and zero-bias drift correction for the
gyroscope, further enhancing the accuracy of the estimated head rotation angle.

In practice, patients have different head sizes, and manufacturers design varying sensor
placements for examination devices. Additionally, the position of the wearable device during each
examination cannot be identical, which affects diagnostic results. A novel aspect of the proposed
method, compared to existing approaches, lies in the use of paired gyroscopes and accelerometers
to eliminate the influence of the relative sensor positions relative to the head’s rotation center. The
results in figures 7 and 8 illustrate tests conducted with different sensor placements but the same
horizontal head rotation signal as in figure 3.
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Figure 7. Measurement data: a) R; =5 cm; b) R; = 10 cm.
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Figure 8. Measurement data using adaptive digital filter: a) R; = 5 cm; b) R; = 10 cm.

From figures 7 and 8, it can be seen that the processing of the measured rotation angle for the
same signal is not affected by the distance of the sensor placement on the head relative to the
rotation center. This confirms that the proposed method for measuring head rotation angle in this
study eliminates errors caused by sensor positioning deviations compared to currently used
diagnostic devices.

4. CONCLUSIONS

This study applies an adaptive digital filter to integrate data from a MEMS gyroscope (with
inherent drift) and a centripetal accelerometer (with measurement noise), enabling precise
determination of head rotation angle and eye movement orientation parameters for the vestibular-
ocular reflex (VOR) examination. The proposed solution, which employs two inertial
measurement units (IMUs), eliminates the influence of sensor placement distance and position
relative to the rotation axis (i.e., the radius from the sensor location to the rotation axis in the plane
perpendicular to the rotation axis). This demonstrates the system’s stability and reliability in real-
world applications. The proposed method not only provides rapid computation suitable for real-
time applications, such as measuring head rotation speed and angle, but also minimizes cumulative
errors caused by noise and drift. This plays a critical role in delivering reliable input data for
evaluating vestibular-ocular reflex signals during clinical VOR testing.
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TOM TAT

Nang cao d§ chinh xac wéc lwgng géc quay
cia dau st dung phan tir do vi co’ quan tinh va bo loc so thich nghi

Bai bdo dé xudt Pphuong phap ndng cao do chinh xac woc luong géc quay cia ddu bang
cdch két hop cdc cam bién vi co quan tinh va b loc sé. Phwong phdp dwoc trién khai trong
trang thdi mdt 6n dinh dnh nhin. Két qua thir nghiém cho thdy, so véi bé loc Mahony,
Kalman, gidi phdp dé xudt cai thién dang ké dg chinh xdc wéc lwong goc quay ciia dau voi
liwong sai s6 RMS nho hon 0,1 dé theo géc quay trén mét phang nam ngang, dong thoi giie
dwoc ddc tinh thoi gian thue. Két qua nay phit hop voi cdc vmg dung ciia nghién ciru ghi
nhan tin hiéu phan xa tien dinh - mdt trong chén dodn bénh tién dinh.

Kkho4: Phan xa tién dinh-mét (VOR); Bon vi do luong quan tinh (IMU); B9 loc s6 thich nghi; B loc Mahony; Tée

d6 quay ciia dau; Cam bién vi co (MEMS).

70

H. N. Khoan, T. V. Nghia, L. K. Bien, “Improving the accuracy ... and adaptive digital filters.”



