MAS 10 Calibration and Observability
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MAS 010.2 Overview

Recent work has demonstrated that visual and inertial sensors, in combination, can provide very accurate estimates
of the ego-motion of a robotic sensing platform. The accuracy of the motion estimate depends, however, on proper
calibration of the transform between the camera and the inertial measurement unit (IMU). Unmodeled calibration
errors will introduce biases in the estimation process, degrading overall localization performance — sometimes
dramatically. Although accurate calibration is critical, many existing camera-IMU calibration techniques are difficult,
time-consuming and require additional complex apparatus.

MAS 10.3 Approach

We formulate the camera-IMU relative pose calibration problem in a filtering framework, and propose a calibration
algorithm that requires only a known camera calibration target. The algorithm uses an unscented Kalman filter to
estimate the position of an inertial measurement unit (IMU) in the global reference frame over time, and the six
degrees-of-freedom position and orientation of the camera relative to the IMU.

We have also examined the observability properties of visual-inertial navigation systems, with an emphasis on self-
calibration. Our analysis uses a differential geometric formulation of the navigation and calibration problems, and
depends on an algebraic test, originally defined by Hermann and Krener, known as the ‘observability rank
condition'. In contrast with previous work, we have shown that, in the presence of a known calibration target, both
the local gravity vector and the IMU gyroscope and accelerometer biases are simultaneously observable, given
sufficient excitation of the system.

MAS 010.4 System(s) Description and/
or Experiments

Our filtering algorithm uses the constraints
imposed by rigid body dynamics to solve
for the transform between the camera and
IMU sensor reference frames. If two
sensors are rigidly attached to the same
platform, then any change in the
orientation of one sensor is accompanied
by an equivalent change in the orientation
of the other sensor, measured in the
appropriate sensor-specific frame.
Likewise, the length of the moment arm
between the sensors determines how the
two may move in relation to each other.

To determine the six degrees-of-freedom
(6-DoF) relative pose, we record
measurements from the IMU and capture
images while the camera views a planar
calibration target. We track known target
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an unscented Kalman filter (UKF) to estimate the transform between the sensors. Our choice of the UKF is
motivated by its superior performance compared to the extended Kalman filter (EKF) for many nonlinear problems.
The calibration algorithm also provides a measure of the uncertainty associated with the relative pose estimate (i.e.
a covariance matrix), and can therefore be easily integrated with other estimators.

In order to examine the performance of the calibration algorithm, we initially performed a series simulation studies
with ground truth available. We modeled a sensor beam, 50 cm in length, moving through space according to
accurate rigid body kinematics. Simulated IMU updates occurred at a rate of 60 Hz, while camera images arrived at
30 Hz; these update rates match those of the actual hardware used for the real-world experiments described
below. The process noise for the simulated IMU was the same as the estimated noise for the IMU available in our
laboratory.

We also verified the accuracy of our calibration algorithm with real hardware, by performing several experiments in
our laboratory using a calibration test rig. The rig consists of a 60 cm long sensor beam, with an IMU mounted near
one end and a camera near the other. For the experiments, we placed the beam approximately two meters in front
of a wall-mounted planar camera calibration target, such that the entire target was visible in the camera image
plane.

At the start of each experimental trial, we initialized the filter by holding the beam stationary while recording
measurements from the IMU and images from the camera. We then manually rotated and translated the beam,
while ensuring that the calibration target remained within the camera's field of view. The camera-IMU transform
parameters were initialized using hand measurements of the relative position and orientation of the sensors. A
total of 100 images acquired during the visual-inertial procedure were used to calibrate the camera intrinsic
parameters.

Front view of prototype handheld stereo navigation Rear view of prototype handheld stereo navigation
system, system, with human hand for scale comparison.

MAS 010.5 Accomplishments

Simulation studies and experimental results with a camera and a low-cost solid-state IMU have shown that the
approach produces accurate calibration results. Our additional theoretical work on observability has demonstrated
that calibration can be performed without exact knowledge of the local gravity vector, and without precise
alignment of the calibration target in relation to gravity.

MAS 010.6 Future Directions
For the upcoming year, we have identified two critical milestones:

1. Development of a handheld, stereo vision and inertial navigation system, suitable for use by visual impaired
individuals. The system will operate as a ‘power-up and go’ unit, with automatic self-calibration.
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2. The implementation of accurate visual-inertial motion estimation of the as part of a larger environmental
sensing task. We are currently investigating the registration of data acquired by multiple, vertical (‘slice’) laser
range scans of vegetation (i.e. trees), using positioning information from visual and inertial sensors.

MAS 010.7 External Research Partnerships

We are in the planning stages of a collaboration with Dr. Larry Matthies at JPL which builds on the initial work
reported here.
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