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Abstract—By focusing on the demands of a wearable device
context, we investigate the possibility of reducing the
computational complexity of calculating angular orientation
from 3D gyroscope measurements. Qur investigation has
shown that for an executing microcontroller without an
associated floating-point unit and characterized by low-
power consumption, relying strictly on integer arithmetic,
lookup tables for square root and inverse square root
function estimations and small angle approximations for
trigonometric function estimations, up to 14 times faster
execution of angular orientation calculation can be obtained.
Following on the results obtained, we conclude that
significant improvement in computational efficiency and
reduction of power-consumption can be achieved when
computing angular orientation from 3D gyroscope
measurements. By adopting the practices presented in this
article, motion tracking and analysis can be performed with
greater computational efficiency.

L INTRODUCTION

A 3D gyroscope measures three angular velocities, each
around a different sensitivity axis. The three sensitivity
axes are mutually orthogonal; appropriately combining
these three angular velocities enables angular orientation
computation in the 3D reference frame [1], [2].

With the ongoing developments in gyroscope
manufacturing technology the use of these sensors in
various fields is observably increasing: 3D gyroscopes are
an integral component of inertial navigation units, they
have been shown feasible for motion capture,
classification, and analysis, and are essential elements of
the assistive, rehabilitative and wearable health
technology [3]-[9].

In our previous work, we have focused on the accuracy
of the results obtained using 3D gyroscope measurements
for angular orientation calculation. We demonstrate that,
in general, significant improvement in the angular
orientation accuracy can be achieved if the measured
angular velocities are correctly interpreted as simultaneous
and not as sequential rotations.

In this article we focus on the demands of the wearable
device context. One of the challenges when using
wearable devices is dictated by limited resources and the
desired prolonged energy autonomy of the included
devices. Any computation performed in the wearable
context must oblige to low-power consumption demands.
Further on, in most application scenarios, results and
feedback are needed in real-time.

By focusing on the aforementioned demands for the
wearable device context, we investigate here the

possibility of calculating angular orientation from 3D
gyroscope measurements in real-time and in a low power
consumption scenario.

It is our hypothesis that with
implementation, significant reductions
power-consumption can be achieved.

The paper is organized as follows. In Section II we
present 3D gyroscope measurements as three projects of
the sensor’s angular velocity on its three intrinsic
orthogonal sensitivity axes. We briefly present angular
orientation calculation from the 3D gyroscope
measurements using rotation matrices.

In Section III we present the implemented,
computationally efficient angular orientation calculation.

In Section IV we present and discuss the obtained
results.

Finally, in Section V we summarize our results and
draw the conclusions.

appropriate
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In all subsequent sections, we obey the following
notation rules: large bold letters denote matrices, small
bold letters denote vectors, and large and small italics
denote scalars.

II. 3D GYROSCOPE MEASUREMENTS

Using the three orthogonal angular velocities measured
with a 3D gyroscope and denoted as w,, w, and w., a
rotation vector @ called Simultaneous Orthogonal
Rotations Angle (SORA) can be constructed as:
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As long as the axis of rotation is constant during the
measurement interval T, the orientation and magnitude of
vector SORA @ (1) are respectively equal to the axis v
and angle @ of the actual rotation of the gyroscope. It
holds:
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Using the rotation axis and angle (2)-(3), either the
associated rotation matrix or the rotation quaternion can
be constructed and wused for angular orientation
calculation. Both, the rotation matrix and the rotation
quaternion method are equivalent from the accuracy point
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of view. For our further investigation, we choose to focus
on the angular orientation calculation using the rotation
matrix.

The rotation matrix R is composed from the rotation
axis and angle (2)-(3) as:

c+ Vf (-0 vy (-c)-vs vy.(-c)+vs
vy.(I-c)-vs|, (4)
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R=|vy(-0+vs ¢ +v}2,(1 -c)

vv.(l-c)- Vs vzv",(l -c)+v.s

where ¢ and s denote cosine and sine functions
respectively.

Using R, new (post-rotation) angular orientation matrix
S’ is obtained from the old (pre-rotation) orientation
matrix S as:

S'=S-R. (5)

III.  ANGULAR ORIENTATION CALCULATION

We designed and developed a c¢/c++ angular orientation
computation program. We executed the experimental
angular orientation calculation using an Arduino Zero
board [10]. The board itself includes a 32-bit ARM
Cortex® MO+ microcontroller developed by Atmel [11].
The microcontroller has a clock speed of 48 MHz, 32 KB
of SRAM and 256 KB of flash memory. The used testing
Arduino board does not include a floating-point
computational unit and supports low power consumption.
This characteristic makes the microcontroller itself
appropriate for the wearable device context where energy
autonomy is important and to which we wanted to adapt
our experiment and relate our findings.

We used integer arithmetic exclusively. By using
integer arithmetic exclusively, we avoided general floating
point to integer conversions and so achieved greater
computational efficiency and, consequently, more reliable
and meaningful comparison results.

Further on, we implemented the square root and inverse
square root functions estimations (used for calculating the
angle of rotation according to (3) and for vector
normalization according to (2)) as a combination of
lookup table value retrieval and linear interpolation. Both
lookup-tables were designed to give the highest accuracy
and still fit into the available SRAM of the
microcontroller.

We considered limited measurement accuracy up to two
decimal places as well as a limited range of the measured
angular velocity. The range of the input values and both
lookup tables was chosen to fit into the available 32 KB of
working memory.

Finally, we implemented the sine and cosine function
evaluations using the small angle approximation.

IV. RESULTS AND DISCUSSSION

With the described implementation we have achieved
14 times faster angular orientation calculation as oppose to
an implementation with floating point arithmetic and
library function calls (for estimating the square, inverse
square, sine and cosine functions values). Both or these
implementations were however shown to be suitable for
real-time calculation for a single 3D sensor. However, in a
wearable context multiple sensors can be used; reducing

the duration of computation and improving computational
efficiency can bring to prolonged energy autonomy of the
computing devices.

The computational efficiency improvement is partially
provided on the expense of numerical accuracy. However,
multiple tests performed showed that numerical error of
the obtained results is significantly lower then the error
that is due to the expected levels of measurement noise
that is generally reported for widely accessible low-cost
MEMS 3D gyroscopes. Following the aforementioned
implementation guidelines, one step angular orientation
results are accurate up to the fifth decimal place. Angular
orientation resulting after N=100 rotation steps is accurate
up to the second decimal place.

As such, the numerical error introduced is well within
the acceptable range and reasonable objectives of our
investigation.

V. CONCLUSION

Following on the presented results, we can confirm our
primary assumption, i.e., in general, significant
improvement of computational efficiency and reduction of
power-consumption can be achieved when computing
angular orientation from 3D gyroscope measurements.

We can finally conclude that by adopting the practices
presented in this article, motion tracking and analysis can
be performed with greater computational efficiency.
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