IEEE Access

Multidisciplinary  Rapid Review : Open Access Journal

Received 29 September 2022, accepted 23 October 2022, date of publication 26 October 2022, date of current version 4 November 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3217555

== RESEARCH ARTICLE

Orientation Prediction for VR and AR Devices
Using Inertial Sensors Based on Kalman-Like
Error Compensation

LE THI HUE DAO’, (Student Member, IEEE),

TRUONG THANH NHAT MAI“!, (Student Member, IEEE),

WOOK HONG “2, SANGHYUN PARK2, HOKWON KIM?2,

JOON GOO LEE2, MIN-SEOK KIM2, AND CHUL LEE "', (Member, IEEE)

! Department of Multimedia Engineering, Dongguk University, Seoul 04620, South Korea
2Research and Development Group, RAONTECH, Seongnam-si 13567, South Korea

Corresponding author: Chul Lee (chullee @dongguk.edu)
This work was supported in part by the Institute of Information and Communications Technology Planning Evaluation (II'TP) Grant by the
Korea Government (MSIT) (Development of Low MTP Latency Microdisplay and SoC Technology for VR-AR Devices) under

Grant 2020-0-00852; and in part by the Culture, Sports and Tourism Research and Development Program through the Korea Creative
Content Agency (KOCCA) Grant by the Korea Government (MCST) under Grant R2022020120.

ABSTRACT We propose an orientation prediction algorithm based on Kalman-like error compensation for
virtual reality (VR) and augmented reality (AR) devices using measurements of an inertial measurement
unit (IMU), which includes a tri-axial gyroscope and a tri-axial accelerometer. First, the initial prediction
of the orientation is estimated by assuming linear movement. Then, to improve the prediction accuracy, the
accuracies of previous predictions are taken into account by computing the orientation difference between
the current orientation and previous prediction. Finally, we define a weight matrix to determine the optimal
adjustments for predictions corresponding to a given orientation, which is obtained by minimizing the
estimation errors based on the minimum mean square error (MMSE) criterion using Kalman-like error
compensation. Experimental results demonstrate that the proposed algorithm exhibits higher orientation
prediction accuracy compared with conventional algorithms on several open datasets.

INDEX TERMS Orientation prediction, inertial measurement units (IMUs), motion-to-photon (MTP)
latency, virtual reality (VR), augmented reality (AR), attitude and heading reference system (AHRS),
minimum mean square error (MMSE).

I. INTRODUCTION

Augmented reality (AR) and virtual reality (VR) technolo-
gies, which either enrich or replace real-world environments
with simulated ones, have recently garnered significant atten-
tion in both industry and academia [1], [2], [3], [4], [5],
[6]. However, VR and AR systems suffer from end-to-end
delay or latency, which affects user experience. In particular,
motion-to-photon (MTP) latency, which is defined as the time
between a user’s movement and the corresponding movement
rendered on the screen of a head-mounted display, is a major
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challenge that limits the applicability of VR and AR [7]. For
example, MTP latencies higher than 20 ms induce motion
sickness or dizziness in users [8], [9]. Therefore, MTP latency
reduction is essential for improving users’ virtual experience.
A common approach to reduce MTP latency is to predict
future head orientations by anticipating a user’s movements,
which enables VR and AR devices to render future scenes
in advance. Therefore, it is essential to develop algorithms
capable of accurately predicting head orientation in VR and
AR systems. In addition to AR and VR, orientation prediction
plays a vital role in various practical applications, such as
unmanned aerial vehicles [10], robotics [11], [12], and navi-
gation systems [13], [14], [15].
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Orientation prediction requires the prior estimation of cur-
rent orientation, which can be estimated using information
from various measurement sources, e.g., inertial sensors or
mono/stereo cameras. For example, in [13], [16], [17], [18],
[19], and [20], data measured from an inertial sensor and a
camera were merged to estimate the orientation of an object,
where an inertial sensor was used to determine orientation by
integrating measurements, while camera outputs were used
to compensate for errors. However, the use of visual infor-
mation increases the complexity of the process and makes it
unsuitable for resource-constrained devices. Further, changes
in illumination affect the performance of camera-based
algorithms.

The advancement of MEMS technology have led to the
development of small and inexpensive inertial sensors called
inertial measurement units (IMUs). Because of their high
sampling rates, minimal latency, and small size [21], [22],
IMUs have been employed in modern VR and AR devices
to acquire data for localization of locations and orientations.
A commercial IMU comprises a tri-axial gyroscope, a tri-
axial accelerometer, and/or a magnetometer. The gyroscope
measures angular velocity and integrates it over time to deter-
mine orientation angles. However, the integration process
also accumulates sensor errors; thus, the estimated orienta-
tions deviate from the true orientation with time, making them
unreliable [23]. The accelerometer is used to overcome this
issue by measuring the Earth’s gravitational field, thereby
yielding a reference vector for correcting the estimated orien-
tations. Magnetometers, which measure the Earth’s magnetic
field, are also used for correcting angular velocity. However,
because of their high sensitivity to magnetic disturbance, such
as those arising from metal or electrical equipment, their
applicability is limited [24].

Several orientation prediction algorithms for VR and AR
devices have been developed using IMUs based on Kalman
filters (KFs) and particle filters (PFs) [25], [26], [27], [28],
[29]. KF-based algorithms derive optimal estimators by
recursively performing two steps—prediction and correction.
In the prediction step, the filter predicts the future orientation
along with its uncertainty. Once the actual measurement is
observed, the prediction is corrected using weighted aver-
aging, where estimates with lower uncertainty are assigned
greater weights [30]. By contrast, a PF is a recursive Bayesian
state estimator that represents the probability density function
of a system state using random samples. Because PFs can
utilize a state space model in any form, they can be applied
to a wide range of models. However, despite their higher
complexity, PFs do not exhibit significant improvement over
KFs [31], [32]. Thus, KFs are more commonly employed in
orientation estimation and prediction.

As the standard KF is an optimal estimator only under the
assumption of linearity, its variants, e.g., extended Kalman
filter (EKF) and unscented Kalman filter (UKF), are widely
used for orientation prediction in nonlinear systems [33].
In particular, EKF predicts orientation by linearizing state
transition functions, which are calculated based on the
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previous estimate, to the current estimate. For instance, Zhao
and Wang [34] compensated for deviations in estimates by
fusing redundant data from ultrasonic sensors and magne-
tometers. Tong et al. [35] compensated for disturbances in the
measurements to improve orientation estimation accuracy.
Ghobadi et al. [36] used the covariance inflation technique to
adjust noise covariance and reduce measurement uncertainty.
Further, Park et al. [37] mitigated the effect of accelera-
tion and magnetic disturbance by adjusting the measurement
covariance using the ellipsoidal method. In [38], Sun et al,
decoupled roll and pitch estimated from the magnetometer
measurements to reduce the influence of the magnetic distur-
bances. However, when the state transition and observation
models are highly nonlinear, EKF may exhibit inferior per-
formance because of the propagation of uncertainty.

In UKF, linearization is replaced with a deterministic
sampling scheme known as unscented transformation, which
chooses a set of sample points around the mean. Sev-
eral recent orientation estimation algorithms have employed
UKF to improve estimation accuracy. For example, in [39],
Marina et al. used a tri-axial attitude determination algorithm
as the observation model. Chiella et al. [40] developed an
adaptive strategy based on covariance matching to tune mea-
surement covariance. Further, Tong et al. [41] divided the
measurement updates of the gravity vector and magnetic field
vector into two stages to avoid the undesirable correction of
the Euler angle error. Although having a large number of sam-
ple points improves accuracy, it also increases the complexity
of the algorithms; high computational loads are one of the
most crucial drawbacks. Therefore, UKF-based algorithms
are unsuitable for devices with limited computational power,
such as VR and AR devices.

In this work, we propose a novel orientation prediction
algorithm to improve prediction accuracy by addressing the
limitations of conventional prediction algorithms. The pro-
posed algorithm operates by estimating linear displacement
from the current orientation and subsequent adjustments to
compensate for the error caused by linear prediction. Current
predictions are adjusted based on the accuracies of previous
predictions. To this end, the orientation difference between
the previous linear prediction and the current orientation
is ascertained. Then, we define a weight matrix to deter-
mine the optimal adjustment of the current prediction based
on the orientation difference. Similar to the derivation of
KF—differences with lower uncertainty are assigned greater
weights—the optimal weight matrix is obtained as the mini-
mum mean square error (MMSE) estimator using the predic-
tion error between the current and previously predicted orien-
tations. Experimental results demonstrate that the proposed
algorithm outperforms conventional orientation prediction
algorithms on several open datasets.

In summary, the main contributions of this paper are as
follows:

« We propose an orientation prediction algorithm that uses

the accuracy of previous predictions to improve the cur-
rent prediction accuracy.
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FIGURE 1. lllustration of the quaternion as rotation of the earth frame E
to the sensor frame S by angle 6 around a vector n.

o We develop a Kalman-like error compensation scheme
to determine a weight matrix for optimal adjustment
with respect to linear movement by minimizing the esti-
mation error in the MMSE sense.

o The proposed algorithm is experimentally verified to
outperform conventional orientation prediction algo-
rithms on several open datasets.

The rest of this paper is organized as follows. Section II
introduces the notations used in this paper. Section III
describes the proposed orientation prediction algorithm,
and Section IV discusses the experimental results. Finally,
Section V concludes the paper.

Il. BACKGROUND

In this section, we briefly introduce the notations used
throughout this paper. Hereafter, scalar values are denoted
by italicized letters, and matrices and vectors by bold roman
uppercase and lowercase letters, respectively.

Two coordinate frames—the Earth frame E and the sen-
sor frame S—are used to represent orientation in three-
dimensional (3D) space. A rotation between the frames can
be represented using a rotation matrix, Euler angles, or a unit
quaternion. The rotation matrix is a 3 x 3 matrix that repre-
sents the orientation. In comparison, the unit quaternion rep-
resents orientation using only four elements. Therefore, com-
putations using the rotation matrix are more time-consuming
than those using the unit quaternion. Euler angles represent
orientation using three angles—roll, pitch, and yaw—and
they are commonly used because of their intuitive physical
representation. However, they exhibit a phenomenon known
as “gimbal lock,” which causes a singularity problem in ori-
entation representation [42]. Among the aforementioned rep-
resentations, unit quaternions are more compact, numerically
stable, and computationally efficient than rotation matrices.
Moreover, the use of quaternions prevents the loss of degrees
of freedom that appears when Euler angles are used [43].
Thus, unit quaternions are used to represent orientation in this
paper.

The quaternion q can be used to represent the orientation
of the sensor frame S relative to the Earth frame E. Specifi-
cally, the quaternion can be interpreted as a rotation around
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an arbitrary axis in 3D space, as depicted in Figure 1, and can
also be considered to be a vector in a four-dimensional vector
space [42], given by

o 07" -
q= [COS 5»msin 5] = [q0, 91, 92, ¢3]" , (D
where ¢go and [q1, g2, qg]T are the scalar and vector parts
of the quaternion, respectively, n denotes the normalized
rotational axis, and 6 is the angle of rotation.
The product of two quaternions, q and p, is defined as [42]

q®p = [0, 91,92, 431" ® [po, 1, p2, p31"
qopPo — 41P1 — 92P2 — 43P3
_ | 90oP1 +4q1po + g2P3 — g3p2 ' )
qop2 — q1P3 + q2p0 + q3p1
qop3 + q1P2 — q2P1 + 43P0
Please note that the quaternion product is not commutative,
e, qRP #FpRq.

Let us assume that the quaternion q represents the orienta-
tion of a rotating sensor frame relative to the reference Earth
frame. Then, the quaternion rate or the time-derivative of this
quaternion can be expressed in terms of the corresponding
angular velocity vector @, which defines the rate at which the
sensor frame rotates relative to the Earth frame or the rate of
change in the orientation. The quaternion derivative is defined
as [44]

i=1qe|°] = Law )
= — = — [0} s
q 2‘1 © > q
where @ = [wy, wy, w,]" represents the angular velocities of
the x-, y-, and z-axes in the sensor frame; and (@) denotes
the right quaternion multiplier related to @, defined as

0 —wx - —o;
| wx 0 W, —wy
@=L T . @
Wy wy —wy 0

A vector £v € R? in the Earth frame can be rotated to the
vector v € R? in the sensor frame using the quaternion q
as [44]

Sv =R(@)"v, )
where the rotation matrix R(q) is defined as
R(q)
BHE—B-3 2Aq192+q093)  2(q193—4092)
= | 2q192—q093) G—ai+a3—a3 2(q293+q0q1)

2Aqnq3+q092)  2q2q3—q0q1) G~ —B+G3
(6)

Quaternion arithmetic requires quaternion describing ori-
entation to be of unit length. Therefore, quaternions are first
normalized as

Iql=\/q%+q%+q§+q§=1~ )

In this paper, all quaternions used for representing orientation
are taken to be unit quaternions, i.e., ' q = 1.
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FIGURE 2. Illustration of prediction of head orientation.

Ill. PROPOSED ORIENTATION PREDICTION ALGORITHM
In this section, an overview of the proposed algorithm is
first provided. Then, the details of the proposed algorithm to
predict future orientations are described.

A. OVERVIEW

Traditional EKF- and UKF-based algorithms [45], [46] can
correct orientation prediction using only accelerometer read-
ings. However, a greater amount of yaw information of
orientations can be obtained from magnetometer readings.
Therefore, many extensions of EKF- and UKF-based algo-
rithms [34], [35], [36], [37], [38], [39], [40], [41] that use
additional information from magnetometer readings to com-
plement the accelerometer readings during correction have
been developed. However, these algorithms introduce addi-
tional computational complexity as they require the process-
ing of more information. In this work, to avoid additional
computations, we develop an efficient yet effective orien-
tation prediction algorithm, which uses only gyroscope and
accelerometer readings.

Figure 2 shows an overview of the proposed algo-
rithm, which comprises the estimation of linear displace-
ment from the current orientation and subsequent adjustment.
In Figure 2, head orientations at two consecutive time steps ¢
and (¢ 4+ 1) are visualized. At time 7, the current orientation
q; is obtained as indicated by the dark blue arrow. The linear
displacement '(i;_l is estimated, represented by the light green
arrow, based on the assumption that the head rotates linearly
with a constant angular velocity. However, movement can
also be nonlinear. Therefore, an adjustment W, (q; — q; )
is required to compensate for the error caused by linear
prediction by considering the accuracy of the previous linear
prediction. Finally, the future orientation q;4;, denoted by
the dark green arrow, is determined by combining the linear
displacement q,_, | and the adjustment Wy1(q; — @ ).

Figure 3 shows the functional diagram of the pro-
posed algorithm to estimate q41, which consists of six

VOLUME 10, 2022

components—tracking, compensation, linear motion estima-
tion, weight matrix computation, adjustment computation,
and prediction. Note that the true head orientation at time ¢
is not given, but it is estimated using a tracking algorithm.
Therefore, tracking estimates the current head orientation q;,
with respect to the global reference frame. As the main goal
of this work is the prediction of the future orientation q;1,
any conventional tracking algorithm can be used as a tracker.
In this work, we employ the filter developed in [47] because
of its high accuracy and efficiency. The compensation process
corrects the gyroscope output using the tracked orientation q;,
to obtain ;. Both these components use the accelerometer
and gyroscope outputs, a, and w;, respectively, as input.
Following tracking and compensation, the linear motion esti-
mation component uses the output of the two components
to estimate the linear displacement. Next, the weight matrix
computation component computes the optimal weight matrix
for adjustment. Then, the adjustment computation component
uses the computed weight matrix and the orientation differ-
ence between the current tracked orientation and the preced-
ing linear prediction to generate the adjustment. Finally, the
prediction component predicts the future orientation by inte-
grating all the outputs from the aforementioned components.
Let us describe how we predict future orientation in greater
detail in the following subsections.

B. ORIENTATION PREDICTION

As the sampling rate of commercial IMUs is very high,
e.g., 8 kHz [48], we assume that the direction and velocity
of head movement between ¢ and (¢ + 1) is identical to those
between (+ — 1) and ¢. Then, as the orientation displacement
can be obtained by multiplying the quaternion derivative ¢
with the sampling period AT, the future orientation can be
estimated as

'(i;l =q; + q:AT. (®)

However, as mentioned previously, numerical integration
of the angular velocity @; induces cumulative errors in ¢,
because of eventual deviation, significantly degrading the
prediction performance. Therefore, inspired by [49] and [50],
we remove the error component, which is defined as the
relative rotation between the measured inertial direction and
the predicted direction of the gravity field, from the measured
angular velocity ;.

The direction vector of gravity in the Earth frame is given
by E g =[0,0, 1]T. Then, the direction vector of gravity in the
sensor frame g, is obtained by rotating the gravity direction
vector £'g with respect to the current orientation q; as

Sg, = R(q)fg. )

Thus, the error vector e, in the sensor frame can be obtained
by [49] and [50]

e =a x°g, (10)

where a; denotes the measurement vector obtained from the
accelerometer. Figure 4 illustrates gravity vectors in the two
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FIGURE 3. Block diagram of the proposed algorithm for estimating G, ;.
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FIGURE 4. lllustration of gravity in the Earth frame E and the sensor
frame S.

frames E and S, as well as the error in frame S. Then, the
gyroscope output is corrected by compensating for the error
as

o = — Key, (1D

where K denotes the correction gain. When K = 0, the angu-
lar velocity, obtained from the gyroscope, is used directly
without compensation. As K increases, more aggressive com-
pensation is made to remove error components from the
gyroscope readings. Note that, although the previously esti-
mated orientation ;1 was used to rotate the gravity direction
vector in (9) for tracking in [49] and [50], we use the current
true orientation (, to ascertain the prediction at the same
time ¢, thereby achieving more accurate prediction of future
orientation.

Next, the adjusted rate of change in the orientation q is
computed using (3) and the corrected angular velocity in (11)
as

I
q Q(w@;)q;.

125

Then, the future head orientation in (8) can be rewritten as

(12)

P - AT
94 =% +qAT = [I + TQ(‘W)}% = Fiq;. (13)
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where F; =1+ %Q(Gt) is the matrix defining the dynamic
system.

Note that the prediction in (13) is based on the assump-
tion of linear motion. Therefore, any nonlinear motion,
e.g., abrupt changes in velocity or direction, may degrade
the prediction accuracy. Further, prediction of the orientation
q, 41 in (13) does not account for the prediction accuracy
at the previous time instance ( — 1), q, . In this work,
to improve the accuracy of the current linear prediction ﬁtjrl,
we consider the prediction accuracy of the previous predic-
tion, more specifically, the difference between the current
true orientation and the previous linear prediction, (q; —q; ).
To this end, we define the weight matrix W € R*** to
determine the adjustment of the prediction corresponding
to a given orientation difference (q; — q; ). In this work,
the weight matrix is computed similarly to the derivation of
the Kalman filter [30]—differences with less uncertainty are
assigned greater weights. More specifically, the adjustment is
calculated as

W@ — @) (14)

Then, the future orientation 1, calculated using the linear
displacement in (13) and the adjustment in (14), can be
predicted as

Q1 =G, +Wini(g —9q,)

=Fiq, + Wesi(@: — @) (15)

The weight matrix Wy in (15) can be obtained by min-
imizing the error between the true orientation q;+; and the
predicted orientation q,+1. However, at current time ¢, infor-
mation regarding the future orientations q,;+; and Q4 is
unavailable. Therefore, estimating the optimal weight matrix
W41 is impossible at this time. However, note that, as IMUs
can measure samples at a very high sampling rate, the dif-
ference between two consecutive samples is very small. This
implies that the orientations at time ¢ and (# + 1) are similar.
Thus, we assume that the weight matrices at time # and (z + 1)
are similar and use the optimal weight matrix at the previous
time instance Wt for the current prediction, i.e., Wyy1 = Wt.

VOLUME 10, 2022
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The optimal weight matrix W, is determined to minimize
the prediction error €; in the orientation at time ¢, which is
defined as

€& =q; —q, (16)

where ¢, and q; denote the true and predicted orientations,
respectively. However, note that the true orientation q; is
unavailable at time instance ¢. Therefore, instead, we use the
tracked orientation q, to approximate the true orientation.
However, as a tracking algorithm is imperfect, the tracked
orientation contains observation noise v; as

a4 =9 +V
=Fq,_; +v, (I7)
where v, is zero-mean Gaussian noise with a covariance
matrix C € R**4, ie., v, ~ N(0, C). Next, using (15), the
predicted orientation q; in (16) can be written as the following
function of the weight matrix W,

?iz =F_1(q_y +vi—1) + Wi(q_ +vi—1 —Fr20q;_»)
~Fi1q, 1 + Wi(@ + Vi1 — Fi2q;, ). (18)
In (18), based on the assumption that both AT and ||v;_1||
are small and E[v;—1] = 0, F;_1v,_ is approximated as
F;_1v;—1 =~ 0. Note that, although this approximation is
somewhat aggressive, it greatly facilitates the derivation of

the closed-form solution, as will be described subsequently.
Therefore, the prediction error €, in (16) becomes

€& =F—-F_1)q_1—Wi(q,_; +vi—1 — F2q,_,)
= F,— Ft—l)ﬁz—l —Wyvi_g —Wt(ql_l - Fz—2ﬁ;_2)-
(19)

Then, we define the cost function as the mean squared error
of the prediction error

J(W,) = E[etTe,]

-l
- tr(E[e,etT]). (20)

Because C = E[v;v/ Jand E[v;] = 0, by the definition of the
prediction error € in (19), we have

E[e,e,T]
= [(F; — F_)q,_ I[(F — F,_)g,_ 1"
—(F; = Fr)Q (@ — F, 2@, o) W/
+W,CW!
- W@, — Fr2q, o)[(F; —F,_g,_,1"
+ W@ - F2G, )@ —F2q, )" W/, (21)

Our objective is to determine the MMSE estimator with the
optimal weight matrix W, that minimizes J(W,) in (20), i.e.,

W, = argmin J(W,;). (22)
W,
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TABLE 1. Details of test datasets used for evaluation.

Test datasets H Number of samples H Sample rate

LOPSI [51] 10,000 100 Hz

FKF [47] 27,716 500 Hz

BROAD [52] 30,000 286 Hz
spiralStairs [53] 12,000

straightLine [53] 7,500 256 Hz
stairsAndCorridor [53] 10,000

Based on the properties of the trace derivative provided in the

Appendix, the partial derivative of J(W;) with respect to W;

is given by

aJ(W))

oW,
= —2(F, — Fi-1)q, @, — Fr2q, )"
+ Zwt[((_lt—l - Ft—2qt—2)((_lt—l - Ft—th—Z)T + Cl.

(23)

Then, by setting the derivative in (23) to zero, we obtain the
optimal weight matrix

W, = (F, —Fr_)g,_ @ — F,2q,_»)"
x[(@—1 — Fr2Q, )@ — Fi2g,»)" +C]™!
=@ -G)@_ —q_)"
x[@—1 —G,_ @1 —G,_)" +CI7". (24)

Finally, assuming that the observation noise is negligible
and substituting q; in (17) and W, in (24) into (15), we obtain
the optimally predicted future orientation as

G =Fq, +@ —-q)@_; —q_)"
xX[(q;—1— 'fif,l)@_l - '(i,_,l)T + C]_l(ﬁz - /qT)
(25)

IV. EXPERIMENTAL RESULTS

We evaluate the performance of the proposed orientation
prediction algorithm in comparison with those of five con-
ventional prediction algorithms: EKF, UKF, and three of their
extensions, i.e., covariance inflated-multiplicative extended
Kalman filter (CI-MEKF) [36], decoupled orientation estima-
tion approach (DOEA) [38], and robust adaptive unscented
Kalman filter (RAUKF) [40]. For reproducibility, we provide
the source codes on our project website. !

A. EXPERIMENTAL SETTINGS

Six real-world test datasets with different sampling frequen-
cies and types of movements are used for evaluation—three
test datasets with ground-truth orientations (LOPSI [51],
FKF [47], and BROAD [52]) and three test datasets without
ground-truth orientations [53] (spiralStairs, straightLine, and
stairsAndCorridor). The LOPSI dataset is collected using a
foot-mounted IMU, which contains sensor data of a straight
trajectory at a sampling rate of 100 Hz. The FKF test dataset

1 https://github.com/hueledao/Orientation_Prediction
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includes motion randomly generated using a human hand at
a sampling rate of 500 Hz, which is the highest sampling
rate in the test datasets considered in this paper. BROAD
is a benchmark for robust inertial orientation estimation,
collected by rotating an IMU with measurements recorded
at a sampling rate of 286 Hz. All datasets without ground-
truth orientations [53] are obtained from IMUs attached to
feet and contain measurements of different types of motion
recorded at a sampling rate of 256 Hz. All the datasets con-
tain seven components [wy, @y, Wz, dx, ay, az, AT]T, where
o and a denote the x-, y-, and z-components of gyroscope and
accelerometer readings, respectively, at each time instance,
and AT denotes the sampling period. Further details of test
datasets are listed in Table 1.

The parameter K in (11) is fixed to 0.5 as recommended
in [50], and the observation uncertainty C in (24) is set
to C = 10~ x I, unless otherwise specified, to achieve
the best overall performance. The predicted orientations are
evaluated in Euler angles as in [42] to facilitate comparison
and visualization. We evaluate the prediction performance
by comparing the root-mean-square error (RMSE) between
the predicted and ground-truth orientations on test datasets
with ground-truth orientations and that between predicted
orientations and tracked orientations on test datasets without
ground-truth orientations. The RMSE error is defined as

N
1 .
RMSE = v § 1 |lu; —;]2, (26)
i

where @ = [0, ", 0] and u = [u", u”, ]’ denote the
predicted and ground-truth (or tracked) Euler angles, i.e., roll,
pitch, and yaw, respectively, and N is the number of samples
in each test dataset.

B. QUANTITATIVE EVALUATION

Table 2 compares the prediction performance on the test
datasets with ground-truth orientations. The EKF algorithm
yields the worst results in all cases. This can be attributed
to the use of the output of only two sensors (not the magne-
tometer output) and linearization of state transition functions
of the current estimation to predict future orientations. The
UKEF algorithm uses unscented transformation instead of lin-
earization to improve the prediction performance. However,
the yaw angles predicted by UKF remain inaccurate, as it
also does not use a magnetometer to gain information on
yaw angles. CI-MEKF, DOEA, and RAUKF use additional
information from a magnetometer; thus, they yield better yaw
angle predictions than EKF and UKF. However, as magnetic
disturbance negatively affects the roll and pitch predictions,
they exhibit lower accuracy in the roll and pitch predictions
than EKF and UKF. For example, on the LOPSI test dataset,
CI-MEKF and DOEA predict the yaw angle with lower errors
than EKF but exhibits higher prediction errors for the roll
and pitch angles. RAUKF exhibits better performance than
CI-MEKF and DOEA. In particular, RAUKF yields signif-
icantly lower prediction errors than CI-MEKF and DOEA
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TABLE 2. Comparison of RMSE values for euler angles (°) between
prediction and ground-truth orientations. For each euler angle, The
boldface numbers denote the best results for each test dataset.

Test datasets H Algorithms H Roll [ Pitch [ Yaw H Overall
EKF 2.16 | 3.57 6.22 432
UKF 1.09 | 3.78 4.05 3.26
LOPSI CI-MEKF [36] || 2.79 | 4.22 3.94 3.70
DOEA [38] 3.66 | 3.77 2.11 3.27
RAUKEF [40] 092 | 351 0.85 2.15
Proposed 0.87 | 2.01 0.72 1.33
EKF 6.28 | 2.69 5.10 4.92
UKF 243 | 1.39 5.25 3.44
FKE CI-MEKF [36] || 5.92 | 2.52 4.86 4.66
DOEA [38] 489 | 297 3.54 3.88
RAUKEF [40] 237 | 116 1.76 1.83
Proposed 1.59 | 097 2.14 1.64
EKF 495 | 227 | 1498 9.20
UKF 423 | 1.68 | 10.13 6.41
BROAD CI-MEKEF [36] 1.95 | 1.10 8.18 4.90
DOEA [38] 0.68 | 2.07 1.98 1.70
RAUKF [40] 243 | 1.02 1.09 1.65
Proposed 2.11 1.40 0.85 1.54

TABLE 3. Comparison of RMSE values for the euler angles (°) between
predicted and tracked orientations. For each Euler angle, The boldface
numbers denote the best results for each test dataset.

Test datasets H Algorithms H Roll [ Pitch [ Yaw H Overall

EKF 1.96 | 2.26 | 9.33 5.66

UKF 273 | 3.12 | 577 4.10

. . CI-MEKEF [36] || 2.12 | 2.56 | 6.71 432
spiralStairs

DOEA [38] 271 | 2.67 | 3.83 3.12

RAUKF [40] || 2.75 | 2.99 | 2.38 2.72

Proposed 0.14 | 0.13 | 0.06 0.11

EKF 1.62 | 2.59 | 498 3.37

UKF 1.28 | 3.66 | 4.19 3.30

. . CI-MEKEF [36] || 2.79 | 2.83 | 3.07 2.90
straightLine

DOEA [38] 1.81 | 275 | 3.06 2.60

RAUKF [40] || 2.08 | 4.00 | 2.54 2.99

Proposed 0.09 | 0.13 | 0.08 0.10

EKF 1.66 | 2.54 | 10.77 6.46

UKF 1.52 | 2.39 | 10.14 6.08

stairsAndCorridor CI-MEKEF [36] || 1.60 | 2.61 | 8.97 5.48

DOEA [38] 251 | 291 | 7.85 5.05

RAUKEF [40] 1.95 | 326 | 5.44 3.83

Proposed 0.17 | 0.16 | 3.60 2.08

in yaw. Finally, the proposed algorithm exhibits the best
overall prediction errors because it leverages the accuracy of
previous predictions and utilizes tracked orientation instead
of predicted orientation, unlike the conventional algorithms.
Nevertheless, note that, since the proposed algorithm uses
only two sensors, whereas RAUKF uses three sensors, the
proposed algorithm yields higher prediction errors for yaw
angle on the FKF dataset. In addition, because the BROAD
dataset contains significant fluctuations in roll and pitch, the
proposed algorithm that uses the accuracy of the previous
predictions yields relatively large errors.
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FIGURE 7. Comparison of the predicted Euler angles on the spiralStairs test dataset.

Table 3 lists the RMSE between the predicted and tracked
Euler angles on test datasets without ground-truth orien-
tations. As in the previous case, EKF yields the highest
errors on all test datasets, especially for yaw prediction, as it
does not use magnetometer outputs. CI-MEKF, DOEA, and
RAUKEF exhibit higher overall prediction accuracy than EKF
and UKF as well, especially for yaw prediction, as they use
more sensors. However, their roll and pitch predictions are
worse than those of EKF and UKF because of the mag-
netic disturbances that affect the measurement of the roll
and pitch angles. The proposed algorithm exhibits signifi-
cantly higher prediction accuracy for all Euler angles with-
out exception—its RMSE values are significantly smaller
than those of the conventional algorithms. This is because
the proposed algorithm predicts future orientation based on
the current tracked orientation, whereas the conventional
algorithms do the same based on previous predictions of
orientation.
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Figures 5-7 plot the Euler angles predicted by each algo-
rithm and the ground-truth on selected datasets. To facilitate
the analysis, only a part of samples is plotted. Figures 5(a)—(c)
compare predictions of the roll, pitch, and yaw, respectively,
on the LOPSI test dataset with the zoomed insets correspond-
ing to the yellow boxes. As the proposed algorithm uses
tracked orientation for prediction, its predictions of the roll
and pitch angles are closer to the ground-truth, as depicted
in Figures 5(a) and (b). The conventional algorithms exhibit
larger errors for these angles. Although, the roll trajectories
of UKF and RAUKEF and the pitch predictions of all con-
ventional algorithms are similar to the ground-truth, certain
deviations are observed as these algorithms utilize previous
predictions of orientations unlike the proposed algorithm.
Figure 5(c) demonstrates that the proposed algorithm exhibits
the lowest yaw prediction error, where the LOPSI test dataset
does not contain yaw rotation. This indicates that, although
information from only two sensors is used, the proposed
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FIGURE 8. Comparison of euler angle prediction errors on the LOPSI test dataset.

algorithm effectively avoids large errors by incorporating the
accuracy of previous predictions into the prediction process.

Figures 6 and 7 compare roll, pitch, and yaw predictions
on the FKF and spiralStairs datasets, respectively. The results
reveal tendencies similar to those in Figure 5. In particular,
as depicted in Figure 6, the proposed algorithm predicts all
Euler angles with significantly higher accuracy than con-
ventional algorithms. The EKF-based algorithms, i.e., EKF,
CI-MEKEF, and DOEA, yield larger errors on this test dataset;
their curves exhibit significant deviation from the ground-
truth. CI-MEKF, DOEA, and RAUKF outperform EKF and
UKEF in terms of all Euler angles. Predictions of RAUKF and
the proposed algorithm agree with the ground-truth orienta-
tions. Figure 7 also indicates that the predictions obtained
using the proposed algorithm are in close agreement with
the tracking orientations—the curve corresponding to the
proposed algorithm (red curve) and the ground-truth curve
(black curve) are almost identical.

To facilitate the evaluation, Figures 8—10 visualize the pre-
diction errors computed as the difference between the ground-
truth (or tracked) orientations and predicted orientations on
the LOPSI, FKF, and spiralStairs test datasets, respectively.
The roll and pitch errors in Figures 8-9(a) and (b), respec-
tively, demonstrate that the prediction errors of the proposed
algorithm are the smallest, indicating the most accurate pre-
diction of orientations. In Figure 8(b), the pitch error of the
proposed algorithm is high only corresponding to samples
with rapid changes in movement. In Figure 9, RAUKF and the
proposed algorithm exhibit almost identical errors and error
ranges, whereas the other algorithms exhibit higher errors for
all Euler angles. Finally, Figure 10 compares the prediction
errors on the spiralStairs dataset. As the proposed algorithm
uses tracked orientations rather than previously predicted
orientation during the prediction process, it also exhibits the
smallest errors for all Euler angles.

C. EFFECTIVENESS OF WEIGHT MATRIX W

As discussed in Section III-B, the weight matrix in (24) deter-
mines the adjustments of the prediction based on the accuracy
of previous predictions to improve the prediction accuracy.
We evaluate the effects of the weight matrix on the prediction
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performance. Table 4 compares the prediction performance
for various configurations of the weight matrix W. First,
W = 0, which corresponds to linear prediction, yields the
worst overall prediction performance. This is because previ-
ous prediction accuracy is not taken into account during pre-
diction. Second, fixed weight matrix yields better prediction
performance by adjusting linear prediction based on the pre-
diction accuracy of the previous prediction. However, as the
prediction performance is affected by the characteristics of
test sets, it is difficult to obtain the optimal weight matrix. For
example, whereas W = 1072 x I yields the lowest overall
error on LOPSI, W = 10~! x I is optimal for spiralStairs.
Finally, the proposed algorithm, which adaptively estimates
W in an MMSE sense to minimize the expected prediction
error, yields the best overall prediction performance.

D. IMPACTS OF COVARIANCE MATRIX C

We analyze the effects of the observation uncertainty C
in (24), which is the covariance matrix of the observation
noise v; in (17), to the prediction performance. Table 5 com-
pares the prediction performances of the proposed algorithm
for different values of C on the LOPSI and spiralStairs test
datasets. Although different values of C yield the minimum
roll, pitch, and yaw angle errors, C = 107* x I pro-
vides the lowest overall errors for both datasets. Therefore,
to achieve the overall best prediction performance, we fixed
C = 10~* x I'in this work.

E. COMPUTATION TIMES

Table 6 compares the average execution times obtained by
different algorithms over 100 independent runs on the LOPSI
dataset. In this test, we use MATLAB version R2021a on a
computer with a 3.60 GHz CPU and 32 GB RAM.

Although EKF is the most efficient in terms of com-
putation time, it exhibits the highest error, as shown in
Tables 2 and 3. As mentioned previously, UKF is more
complex than EKF. As CI-MEKF, DOEA, and RAUKF use
additional information from a magnetometer, they require
significantly longer execution times than their counterparts,
i.e., EKF and UKF. Although the proposed algorithm is more
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TABLE 4. Prediction performance evaluation for various settings of
weight matrix W in terms of RMSE values for the Euler angles (°).

Test datasets H W H Roll [ Pitch [ Yaw H Overall
W=0 0.9937 | 1.9842 | 0.8055 || 1.3630

W =101 x I 0.8350 | 2.0087 | 0.7364 || 1.3503

LOPSI W =102 x I 0.9647 | 1.9752 | 0.7799 || 1.3466
W =102 xI10.9676 | 1.9754 | 0.7818 || 1.3478

W =10"%xTI10.9679 | 1.9754 | 0.7820 || 1.3479

Proposed 0.8663 | 2.0087 | 0.7214 || 1.3299

W=0 0.1325 | 0.1386 | 0.0804 || 0.1200

W =101 xI|| 0.1306 | 0.1300 | 0.0748 || 0.1148

spiralStairs W =102 x I 0.1323 | 0.1377 | 0.0798 || 0.1195
W =103 x I 0.1325 | 0.1385 | 0.0803 || 0.1200

W =10"%x I 0.1325 | 0.1385 | 0.0804 || 0.1200

Proposed 0.1359 | 0.1274 | 0.0623 || 0.1134

TABLE 5. Prediction performance evaluation for different covariance
matrices C in terms of RMSE values for the Euler angles (°).

Test datasets H C H Roll Pitch [ Yaw H Overall
1072 x I 0.9664 | 1.9756 | 0.7811 1.3475

1073 x I 0.9536 | 1.9777 | 0.7735 1.3440

LOPSI 1074 x I 0.8663 | 2.0087 | 0.7214 1.3299
1075 x1I 0.7072 | 2.2673 | 0.6221 1.4175

10-6 x I 0.6616 | 2.6309 | 0.5911 1.6030

1072 x I 0.1322 | 0.1382 | 0.0796 0.1196

1073 x I 0.1305 | 0.1356 | 0.0742 0.1168

spiralStairs 1074 x1I 0.1359 | 0.1274 | 0.0623 0.1134
1075 x1I 0.1887 | 0.1303 | 0.0604 0.1369

1076 x I 0.2352 | 0.1517 | 0.0663 0.1661

complex than EKF and requires longer computation time,
it exhibits higher accuracy compared to existing algorithms.
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TABLE 6. Average execution time per sample in microseconds of each
algorithm over 100 independent runs.

EKF
10.88

UKF
245.66

CI-MEKF [36]
60.35

DOEA [38]
46.97

RAUKEF [40]
1,993.63

Proposed
21.69

V. CONCLUSION

In this work, we proposed an orientation prediction algorithm
for VR and AR devices equipped with an IMU based on
Kalman-like error compensation. The main contribution of
this work is the improvement of the the current prediction
accuracy based on the previous prediction accuracy and the
determination of the optimal adjustment for predictions based
on the orientation difference. To this end, we first estimated
initial future orientations based on the assumption of linear
movement. Then, we adjusted the orientation displacement
by considering a weighted difference between the current
orientation and the previous linear prediction. The weights
were computed by considering the estimation errors based
on the MMSE criterion using Kalman-like error compen-
sation. Experimental results demonstrated that the proposed
algorithm exhibits higher orientation prediction accuracy for
all Euler angles than conventional algorithms on several
real-world test datasets.

APPENDIX
The derivatives of traces of matrices [54] used in this paper
are

a

r(AX") = A
X

27)
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)
—w(XA) = AT, 28
ox T(XA) (28)
Further, if A is symmetric, then
9, (XAX") = 2XA (29)
—r = .
X
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