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Fusion of a Vision-Based Rate Sensor with a
MEMS Sensor by method of a Kalman Filter
Trev Sheerin, Member, IEEE Scott Nietfeld, Member, IEEE
Abstract—The goal of this project is to integrate a Android smartphone as a vision-based sensor into an attitude
control system with a gyro-rate sensor running a Kalman
filter to achieve a more accurate measure of orientation from
two noisy measures of rotation.

I. Introduction
Modern smartphones are quickly gaining ground with
consumers as manufacturers release phones with better
hardware and more accessible platforms. These devices
are shipping with more advanced hardware such as MEMS
gyro rate sensors and accelerometers, and use open platforms such as the Android operating system, giving mobile developers an easy to use API and more freedom to
do what they want. These devices can be viewed as small
sensor bundles sitting on top of an easily extensible platform. The benefit of such a platform extends to more than
just mobile developers. To some fields, these devices are
essentially a moderately priced sensor array with a variety
of data transmission protocols allowing it to be integrated
into a number of systems very easily. With the growth in
the quality and performance of these devices, their use in
other fields as sensor systems and control systems should
be investigated.
The purpose of this paper is to discuss the use of an
Android smartphone as an image-based rate sensor used
in conjunction with a external rate gyro and a Kalman
filter to estimate and control the attitude of a sounding
rocket payload. The system is a cold gas actuated attitude
control system, or ACS, suspended from above with two
degrees of freedom about the pitch and yaw axes. Such
systems typically employ the use of very accurate–but extremely costly–sensors such as fiber optic rate gyros as well
as magnetometers to measure changes in orientation, or attitude. Our system implements a Kalman filter with input
from the optical flow measured in the camera image feed
and an angular sensor to get an estimate of the relative attitude of the payload. The goal is to create a less expensive
sensor package with an acceptable level of accuracy.
To help accomplish this, we made use of a simple attitude control system of our own design. The Rapid Prototyping Attitude Control System, or RPACS, is a small,
lightweight ACS with two degrees of freedom. It has four
cold gas pneumatic actuators that release nitrogen gas to
rotate the RPACS about the pitch and yaw axes. An Arduino microcontroller reads sensor readings from a gyrorate sensor onboard the RPACS and sends commands to
the gas thrusters. For the purposes of this project, we have
also included an Android G1 smartphone to provide a live
image feed for optical flow analysis. Finally, a laptop running an image analysis program using the Open Computer

Fig. 1. The internal pneumatic components of the RPACS are shown.
From bottom to top: gas tank, attachment bolt, secondary regulator,
and valve assembly

Vision library is connected to the G1 via wireless network
to acquire and process the sensor readings and test the resulting estimates on a real control system. These results
are also passed on to the Arduino to be used in the Kalman
filter.
II. Background
RPACS was designed to serve as a low-cost rapidprototyping hardware platform for testing control algorithms, attitude determination schemes, and attitude control hardware. It was not intended to be a precision instrument, and at the core of its design was the idea that,
even in the realm of guidance and control, a tool need not
be state-of-the-art to be useful.
A. RPACS Specifications and Gravimetrics
While many potential design features were sacrificed for
the sake of cost and simplicity, RPACS was designed to be
as realistic a testing platform as was practical. One of the
primary design goals was to build a platform with similar
handling characteristics to those typical among sounding
rocket attitude control systems. This can be roughly quan-
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tified by the angular accelerations produced by the coldgas thrusters. After some research, we found a value of
ω̇ = 0.05 rad/sec2 to be common for coarse control.
By starting the vehicle from rest and opening one valve
with the output pressure set at 30psi, we were able to determine the transverse angular acceleration of the pointing
thrusters by measuring the time required to make one full
rotation.

measured the time taken to pass back through its initial
orientation.
Dsiplacement Angle (rad)
2π
4π
6π

Return Time (s)
41.6
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41.68

Measured oscillation period: T = 165.5s
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(1)

The transverse inertia Iyaw had been independently measured by a precision mass properties table and was then
used with ω̇ to calculate the torque produced by the
thrusters.
τ = I ω̇ = 0.896Kg · m2 · 0.101rad/s2 = 0.09N m

(2)

The distance d of the valve from the center of gravity was
then measured and used to calculate the normal force Fn
of the thruster.
Fn =

0.09N m
τ
=
= 0.23N = 0.051lbf
d
0.39m

(3)

The force produced by the valves was found to be approximately linear to the output pressure. The relationship between output pressure and angular acceleration was found
to be
ω̇ ≈ 0.0034(rad/s2 )/psig

(4)

The secondary pressure regulator maintains gas pressure
at the valves within a range of 0 to 100 psig, yielding a
maximum angular acceleration of ω̇M AX = 0.34rad/s2 .
B. Setup
Typical setups for testing sounding rocket attitude control systems require the use of expensive spherical air bearing equipment. These setups have the distinct advantage
of allowing full range of motion along the roll axis; however, the cost of the equipment is prohibitive. Furthurmore, many attitude determination and control tasks require only transverse motion to be tested and validated.
To that end, we have opted to simply suspend the vehicle
from the ceiling using steel cable. The attachment point is
made to be slightly above the center of gravity of the vehicle to keep the vehicle from “rolling over” around its long
axis. This has the undesired effect of driving the vehicle
to remain at a level pitch angle; nevertheless, significant
amounts of positive and negative pitch can be achieved
before this leveling torque exceeds that of the thrusters.
B.1 Suspension Cable Torsion
The effects of cable torsion on yaw motion were found to
be small but not insignificant. To measure this property,
we treated the cable as a simple torsion spring. To confirm that this was a valid model, we displaced the vehicle
from equilibrium about the yaw axis by varying angles and

The spring constant Kc of the suspension cable could
then be calculated according to the classic equations of
simple harmonic motion.
r
1
K
1
=
(5)
T
2π I
Kc = 0.001291N m/rad
It is worth noting that in the range of 0 : 180◦ displacement from equilibrium, the torsion due to the cable has a
corresponing range of 0 : 0.0081N m.
B.2 MEMS Gyro Calibration
We used a LPR503AL dual-axis ±30◦ MEMS gyro from
ST. MEMS sensors are notorious for being both noisy and
particularly sensitive to temperature bias. To mitigate
these effects, we intentionally chose a rate sensor with a
very low dynamic range. Angular rates during live tests
were found to typically stay well within the ±30◦ /s range,
and sensor saturation occured only during the most extreme tests.
While it is true that temperature has a significant effect
on the bias of the sensor, we found this bias to be highly
repeatable for a given ambient temperature. By allowing
the sensor several minutes to warm up under power, we
were able to take a measurement of the sensor bias at room
temperature and reuse that bias successfully across many
tests.
To measure the scale factor, the sensor was affixed to
the RPACS system and the vehicle was displaced one full
rotation from equilibrium about the yaw axis. The vehicle
was then released, and data from the sensor was recorded
over several full oscillations. Since the transverse inertia
and spring constant of the suspension cable had already
been determined, the angular velocity of the vehicle over
the course of each oscillation could be solved for analytically. This sinusoidal range of angular rate was then scaled
to the sinusoidal signal of the sensor to determine the scale
factor for that axis.
Once the bias and scale factor were determined, the signal from each rate sensor could be mapped to a corresponding angular rate according to
ωi = Ai ω̂i + Bi

(6)
th

where ωi is the estimated angular rate for the i sensed
axis, ω̂i is the raw measurement from the sensor after 10bit A/D conversion, and Ai and Bi are the scale factor and
bias for that sensed axis, respectively.
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By integrating the calibrated signal from a given rate
sensor at 40Hz using the trapezoidal method, we were able
to acheive typical drift rates of 0.00055 rad/s or 0.032 ◦ /s
per axis.
III. Method
A. Sensors
Attitude will be estimated by fusing two measures of angular rates in both the pitch and yaw directions. The first
measure of angular rate will come directly from the MEMS
gyro rate sensor. The second measure will come from the
measured optical flow of a camera pointed along the vehicle’s roll axis. Since only angular rate is being measured
and no direct information about the angular displacement
is being gathered, the system is not strictly observable.
However, as is common with rate gyro systems, the initial orientation will be determined a priori and integrated
using numerical methods.

where σp is the variance of the proces noise. Finally, the
diagonals of the measurement noise covariance matrix Rk
are defined as

ω
ω 
diagonal(Rk ) = σgωx σg y σcωx σc y
(13)
where the subscripts g and c represent measurements taken
from the MEMS gyro and camera, respectively.
C. Attitude Control
Once an estimate of the vehicle’s attitude is produced,
this information is fed into a control algorithm to determine which valves should be opened to acheive the desired angular rate. The bang-bang nature of the pnuematic
thrusters led us to develop our own control algorithm, described in detail in the next section.
IV. Implementation

B. Kalman Filter Design

A. Sensors

To reduce the effects of sensor noise, a Kalman filter
is used to fuse the two separate measurements of angular
rate. The dynamical system is expressed as

The control system is set up such that a Android G1
smartphone is attached to the ACS recording images from
the camera and sending them via a wireless connection to a
laptop for image analysis to calculate the optical flow. Onboard the ACS is an Arduino microcontroller running the
Kalman filter and receiving data from the MEMS Gyrorate sensor and the laptop. The Kalman filter will use the
two estimates of angular rate and determine the appropriate input to the control algorithm which fires the cold gas
thrusters.

xk = Fk xk−1 + qk
yk = Hk xk−1 + rk

(7)
(8)

where xk is the state vector and yk is the measurement
vector. The constant matrices Fk and Hk represent the
state transition model and measurement model, respectively. The variables qk and rk represent zero-mean process and measurement noise with covariances Qk and Rk ,
respectively. The state vector xk will include angular rate
on both the pitch and yaw axes as given by
 
ω
xk = x
(9)
ωy
The state transition model Fk will assume no torsion from
the suspension cable and is given by


1 0
Fk =
(10)
0 1
The measurement model Hk is constructed to indicate that
there are two sensors, both of which are measuring angular
rate on the x- and y-axes.


1 0
0 1

Hk = 
(11)
1 0
0 1
The covariance of the process noise Qk is designed to assume a random angular acceleration.
 2

∆t
0
Qk =
σ
(12)
0
∆t2 p

A.1 Camera
As stated, the primary goal of this project was to evaluate the use of a smartphone as a vision-based sensor in an
ACS. The handset used for this project was a rooted HTC
Dream/G1 running Android 2.1, and though none of the
code heavily depends on this version of the Android SDK
there were some major improvements to the Camera API
with regards to its performance with this verison. The
Android API is written in Java and makes many of the
packages found in the Mobile Edition available to Android
applications.
There were two options for writing the image analysis
program: the first option involved compiling the OpenCV
library for the Android operating system and writing an
application for the phone with the Android Native development kit and the second option was to write a program on
a seperate system and transmit the images over a wireless
connection from the phone. It was decided that compiling
OpenCV for Android would be too involved for the scale of
the project and it was feared that the 528 MHz processor
onboard the phone would be too slow to keep up with the
rest of the system so we opted for the latter option. A simple lightweight application was developed for the phone to
pull images from the camera and send them over a socket
connection to a laptop for processing.
The image analysis program makes use of the Open
Computer Vision Library to read the images and perform
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the Pyramid Lucas-Kanade feature tracking algorithm and
the Shi and Tomasi method of feature detection. The output of the program is passed along to the Kalman filter.
A.2 Gyro-Rate Sensor

increasing the number of thruster switches. To compensate for this, we found that in practice it was suitable to
continually estimate δ by tracking the change in angular
velocity during thruster firings. Using the aforementioned
safety factor also helped to reduce these effects.

Also afixed to the ACS is a MEMS Gyro-rate sensor.
This sensor is directly connected to the Arduino microcontroller. A low pass filter is applied to the signal and
then passed on to the Kalman filter.
The rate sensor has a non-constant bias, though for the
time being this bias is assumed to be accounted for. In
future stages of the project we would estimate this bias
with the Kalman filter to improve our overall estimate.
B. Control Algorithm
The control algorithm we developed works by estimating
what the final pointing error would be for a given axis
if the rates were immediately driven to zero and, based
on that information, makes the decision to either increase
or decrease the angular rate on that axis. The algorithm
operates on each axis separately, and is described below.
Given: θi - Current pointing error angle
ωi - Current rotation rate
δi - Rate at which ωi can be changed

V. Results
A. Hardware Constraints

1. Determine the time required to drive ωi to zero:
kωi k
∆t =
δi

(14)

2. Estimate what the final value of θi would be if ωi was
driven to zero:
θ̂f =

1
δ · ∆t2 + ω · ∆t + θi
2

(15)

3. If θ̂f is positive, begin deccreasing ωi
Else if θ̂f is negative, begin increasing ωi
The control law can formally be expressed as


θ̇
2
θ̇
u = −δ · sgn  2 + θ̇
+ θ
2δ
δ

Fig. 2. Single-axis control using only MEMS rate sensor for attitude
error estimation. Pointing error is shown in radians.

(16)

where u is the controlled angular acceleration and θ is the
current error angle.
The algorithm has the desirable property that, for a
bang-bang system, it produces minimum-time convergence
to the target. Rate-limiting can easily be applied to conserve gas use. To avoid valve chatter, a deadband can be
applied to the predicted final error. Furthermore, δi can
be multiplied by a safety factor to intuitively prevent overshoot, and in practice we found a safety factor of 0.95 to
yield good results for general pointing tasks.
It should be noted that δ cannot be expected to remain
constant. As gas is used, the transverse inertias of the
vehicle drop significantly, and if δ is not updated appropriately the algorithm will begin to undershoot, greatly

We were able to implement the image analysis program
on a laptop and the data acquisition application on the
G1 smartphone. However, the system performance was
no where near the quality we expected due to hardware
constraints. Since we opted for sending the images over a
wireless network instead of doing the image analysis onboard the phone, we were subject to the limiations of our
wireless router. While the amount of data we were sending was no where close to the limit of wireless networks, we
were still unable to send and receive the images in a reasonable amount of time. Our best measured frame rate was
around three frames per second, and even then there was
still about a two second delay between the phone display
and the image display on the laptop. Performance may
not have been significantly improved by doing the image
processing on the phone if the processor is unable to keep
up with the demand. It should be stated that the phone is
actually quite old as smartphones go, and a newer phone
model might be better suited for the task.
We did try to alleviate the burden to the wireless network and phone by lowering the frame rate and the image
resolution. However, it seems a bug in the Android API
caused these changes to have to affect, leaving the frame
rate and resolution both at the default settings. Perhaps
some of these bugs will be fixed in future versions of the
operating system, making it a better platform for a system
like this.
We did not anticipate our wireless connection to be our
worst bottleneck, but the delay between image capture and
image analysis made the entire system effectively unusable
in any meaningful real time system.
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B. Simulation Results
We were able to implement the Kalman filter in Matlab
and simulate a vehicle initially at rest being buffetted by
random accelerations.

Fig. 3. Single-axis rate estimation with two sensors with variances
σA = 0.22 rad/s, σB = 0.44 rad/s using the proposed Kalman filter.

VI. Conclusion
While the overall project was unsuccessful, some meaningful results were gained in the state of the Android operating system for vision-based estimation and the manner
about which to go about implementing such a system.
It seems that the Android platform is still in need of
some development or perhaps just some faster hardware
before it will be truly ready for use in a vision-based estimation or control system. The OpenCV library has been
ported to the platform, though doing so is nontrivial since
many of the standard libraries OpenCV depends on are not
accessible from the Android platform. Many advances have
been made in the smartphone market in the two years since
the phone used for this project was released, and many advances are still on their way, such as multicore processors,
which will make systems like this one much easier to implement.
Other communication protocols might also be better
suited to the amount of data and frequency of transmissions. The system discussed here attempted to make use
of the Wifi capabilities in Android, but showed that such a
system was not very practical. Most Android devices and
smartphones in general also support USB tethering, bluetooth, and 3G/4G, though none of these were tested with
our system. It is doubtful that sending the images over the
cellular network would be any improvement, but some cellular telecom companies do sell 3G cellular modems which
might provide a connection good enough to support the
system.
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