




















where 𝚽 is the state transition matrix and 𝑄𝑑 is the system noise covariance matrix 

𝚽(𝒕 + 𝚫𝒕, 𝒕) = 𝒆𝒙𝒑(𝑭𝒄𝚫𝒕),         (14) 

𝑸𝒅 = ∫ 𝚽(𝒕𝒌+𝟏, 𝝉)𝑮𝒄𝑸𝒄𝑮𝒄𝑻𝚽(𝒕𝒌+𝟏, 𝝉)𝒕𝒌+𝑻
𝒕𝒌

,       (15) 

and 𝑸𝒄 is the covariance matrix of the IMU measurements that depend on the noise 
characteristics of accelerometer and gyroscope. 
 
The measurement update stage takes the ToF ego-motion estimation as measurements, and 
updates the state vector. ToF ego-motion estimates a change in position and change in 
orientation. Since the mobile robot will be moving on a 2D surface, this is simplified into 
[𝑡𝑥 𝑡𝑦 Δ𝜃]. Since the time difference is also known, the measurements are taken as 
linear velocity and angular velocity. Given ω  and V defined as: 

𝑽 = �
𝒗𝒙
𝒗𝒚� = �

𝒕𝒙 𝚫𝒕⁄
𝒕𝒚 𝚫𝒕⁄ � and 𝝎 =  𝚫𝜽 𝚫𝒕⁄ . 

measurements are modelled as: 

𝒛� = 𝒉(𝒙) = �𝑹𝜶𝑽𝝎 � + 𝜼 ,        (16) 

where 𝑅𝛼 is the orientation difference between the IMU frame and the ToF camera frame, 
estimated during the calibration of the ToF-IMU system; 𝜼 is the noise from the ToF ego-
motion. The Jacobian matrix for the measurement error state is: 

𝑯 =  �  𝑹𝜶 𝟎𝟐×𝟐 𝟎𝟐×𝟐 𝟎𝟐×𝟐 𝟎𝟐×𝟐 𝟎𝟐×𝟐
𝟎𝟏×𝟐 𝟎𝟏×𝟐 𝟏           𝟎             𝟎𝟏×𝟐 𝟎𝟏×𝟐

�.  (17) 

Assuming that propagated state estimate 𝑿𝒌 𝒌⁄ , propagated covariance matrix estimate 
𝑷𝒌 𝒌+𝟏⁄ , current measurement z, estimated measurement 𝑧̂ , and the error measurement 
Jacobian matrix H are computed, then updated state estimate 𝑿𝒌 𝒌+𝟏⁄  is computed using 
Algorithm 2. 

 

4 EXPERIMENTAL RESULTS AND DISCUSSIONS 

All the algorithms are implemented in MATLAB® and tested on an offline dataset. The 
dataset is collected using a PC running the Robot Operating System (ROS)§ on Ubuntu 12.04. 
The final system is supposed to operate in an underground mine environment, but because 

§ http://www.ros.org/wiki/ 
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