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Overview 
 
The Video and Image Processing Laboratory at UC Berkeley is currently developing an indoor 
3D modeling system that can be carried through buildings by a human operator.  An image of the 
backpack system that we have designed is shown in Fig. 1.  The backpack contains both cameras 
which capture 2D texture and laser scanners which capture 3D depth information of a scene.   
Our lab studies algorithms for localizing the data acquired by this modeling system and for 
displaying the processed 3D texture models on computers.   
 

 
Figure 1:  Solid Works image of the indoor modeling backpack that we have created. 

 
Localization refers to finding the position and orientation of the backpack over time during data 
acquisition.  In particular, we are attempting to solve for all six degrees of freedom (x, y, z, yaw, 
pitch, and roll) of the backpack over time.  By localizing the backpack during data acquisition, 
we can perform tasks such as generating 3D models of indoor scenes, detecting and recognizing 
objects within the scene, etc.  Indoor localization of a backpack is challenging because of the 
lack of GPS and the necessity to solve for all six degrees of freedom, as opposed robotics 
applications that typically only need to solve for three degrees of freedom.    
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Currently, the Video and Image Processing Laboratory has developed algorithms that use laser 
scan matching and IMU measurements to come up with an initial estimate of all six degrees of 
freedom over time.  However, this localization data is not accurate to the pixel-level of the 
camera, which is necessary for generating highly realistic 3D textured models.  In particular, 
errors in the localization data lead to visible misalignments of texture on the generated 3D 
models, as shown in Figure 2.  The goal of this project is to use all available information (i.e. 
laser scans and camera images over time) to improve the localization data, making it accurate to 
the pixel level of the camera.  For example, laser scan matching does not take into account the 
epipolar constraints of camera image pairs.  One possible project could utilize the epipolar 
constraints in refining the localization data and improving the texture alignment of our models.    
 
A block diagram of the system that we envision is shown in Figure 3.   
 
 

 
Figure 2: Example of texture misalignments as a result of errors in localization data. 

 
 

 
Figure 3: Block diagram of envisioned refinement system. 

 
 



 
Contact 
 
If you are interested in this project, please connact Avideh Zakhor (avz@eecs.berkeley.edu) and 
Matthew Carlberg (carlberg@eecs.berkeley.edu). 
 
Download 
 
A zip file containing all necessary data can be downloaded from: 
http://www.eecs.berkeley.edu/~carlberg/ee290t.html
 
The contents of the zip folder are: 
 
1)  A folder containing data acquired by a human operator walking in a loop in the west corridor 

of the 4th floor of Cory Hall.  The data consists of: 
 

a) A folder of acquired jpg images, each with dimension 1345x1007. 
b) A modeling camera description (.mcd) file, which is an ASCII file that specifies the 

name of each image and the time (in seconds) at which it was acquired.  Please refer 
to the file format section below for more details. 

c) A modeling scanner description (.msd) file, which is a binary file that specifies the set 
of scan lines and the time (in seconds) at which each was acquired.  Each scan line 
consists of approximately 400 laser measurements that are specified by an (x,y) 
location in the laser coordinate system.  Provided sample code indicates how to 
transform these points into a world coordinate system.  Please refer to the file format 
section below for more details. 

d) A file containing unrefined localization measurements (.mad extension).  Each 
navigation measurement consists of a timestamp, an (x,y,z) location, and a (yaw, 
pitch, roll) orientation of the backpack frame.  Please refer to the file format section 
below for details. 

 
2) A sample program written in C++ that includes useful functions for reading the input data 

files, converting laser scans to world coordinates, and projecting laser scans onto camera 
images.  In particular, refer to main.cpp, which gives an overview of the provided functions.  
The C++ project was compiled and run in VS 2005, but it should also compile in Linux or 
any other platform of your choice.  The code has no external dependencies. 

 
  
Coordinate Systems 
 
There are four coordinate systems that have to be considered in this project: laser coordinates, 
camera coordinates, world coordinates, and IMU coordinates.  The IMU coordinate system is 
used as an intermediate coordinate system, to which all localization measurements are 
referenced.  That is, localization measurements specify transforms at given times from IMU 
coordinates to world coordinates.  Therefore, when transforming from laser coordinates or image 
coordinates into world coordinates, points first have to be transformed to IMU coordinates, 
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which can subsequently be transformed to world coordinates.  The transformation laser 
coordinates and IMU coordinates is a rigid body transformation that is constant over time.  
Similarly, the transformation between camera coordinates and IMU coordinates is also a rigid 
body transformation.  The provided sample code has useful functions for transforming between 
the coordinate systems.     
 
 
World Coordinates  
 
The world coordinate system is a UTM, right-handed coordinate system in which X specifies 
easting, Y specifies northing, and Z specifies altitude.  All positions in the world coordinate 
system are specified in MILLIMETERS.   
 
Image Coordinates 
 
We use the right-handed coordinate system shown below to specify image coordinates.  It is 
directly compatible with both Matlab’s and OpenCV’s pixel-coordinate system.  All positions in 
image coordinates are specified in MILLIMETERS.  The camera calibration matrix can be used 
to project any position in image coordinates onto a pixel in the image. 

 

Z 
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Laser Coordinates 
 
We use the right-handed coordinate system shown below to specify laser coordinates.  All 
positions in image coordinates are specified in MILLIMETERS.  Because we use a 2D laser 
scanner, a LiDAR return in laser coordinates can be described by the 3-vector (x,y,0). 



 
Transforming from Image Coordinates to World Coordinates 
 
File Formats 
 
Modeling Camera Description (.mcd)  
 
Purpose: This file specifies the filenames and time stamps for images acquired by the backpack 
system. 
Description: This is an ASCII file, where each line is specified as follows: 
 
camSerialNum numImages 
K(0,0) K(0,1) K(0,2) K(1,0) K(1,1) K( 1,2) K(2,0) K(2,1) K(2,2) 
Rrigid (0,0) Rrigid(0,1) Rrigid(0,2) Rrigid (1,0) Rrigid(1,1) Rrigid ( 1,2) Rrigid (2,0) Rrigid (2,1) Rrigid(2,2) 
txrigid tyrigid tzrigid 
imgName1 imgTimeStamp1. 
. 
. 
imgNameN imgTimeStampN navExistsN 
 
 
A description of the variables used in this ASCII file specification:  
 
Variable Name Variable Type Description 

camSerialNum Integer Serial number of the camera for which this MCD file is 
specifying images. 

numImages Integer The number of images taken by the camera. 
K(i,j) Decimal The (i,j)-th component of the 3x3 camera calibration matrix, 

where i is the row number and j is the column number 
Rrigid(i,j) Decimal The (i,j)-th component of a rotation matrix that specifies the 

rigid body transformation for conversion from image 
coordinates to IMU coordinates. 



txrigid, tyrigid, 
tzrigid

Decimal The x, y, and z components of the translation vector in 
millimeters that specifies the rigid body transformation for 
conversion from image coordinates to IMU coordinates. 

imgNameJ String The file name of the J-th image to be used.  There should 
not be spaces in any file used or generated during modeling. 

imgTimeStampJ Decimal Time stamp of the J-th image, specified in seconds.  This 
number should have at least three decimal places to specify 
down to the millisecond.  

 
Modeling Scanner Description (.msd) 
 
Purpose: This file specifies the laser measurements obtained by a single laser scanner in the x-y 
coordinate system of the laser. 
 
Description:  This is a BINARY file, specified as follows: 
 

Variable Name Variable 
Type 

Size  

(bytes) 

Description 

scannerSerialNum Int 4 Serial number of the laser scanner this MSD 
file is specifying. 

Rrigid(0,0) Double 8 (0,0) component of rotation matrix, specifying 
rigid body transformation between laser 

coordinates and IMU coordinates 
Rrigid(0,1) Double 8 (0,1) component of rotation matrix, specifying 

rigid body transformation between laser 
coordinates and IMU coordinates 

.    

.    

.    
Rrigid(2,2) Double 8 (2,2) component of rotation matrix, specifying 

rigid body transformation between laser 
coordinates and IMU coordinates 

txrigid Double 8 X component in millimeters of translation 
vector, specifying rigid body transformation 

between laser coordinates and IMU 
coordinates. 

tyrigid Double 8 Y component in millimeters of translation 
vector, specifying rigid body transformation 

between laser coordinates and IMU 
coordinates 

tzrigid Double 8 Z component in millimeters of translation 
vector, specifying rigid body transformation 

between laser coordinates and IMU 
coordinates 



numScanLines Int 4 The number of scan lines recorded by the 
laser scanner. 

numPtsSL1 Int 4 Number of points in scan line #1 
timeSL1 Double 8 Time of scan line 1, in seconds  

X_pt1_sl1 Double 8 X position in millimeters of the first point of 
scan line 1. 

Y_pt1_sl1 Double 8 Y position in millimeters of the first point of 
scan line 1. 

.    

.    

.    
X_ptN_sl1 Double 8  X position in millimeters of the last point of 

scan line 1. 
Y_ptN_sl1 Double 8 Y position in millimeters of the last point of 

scan line 1. 
numPtsSL2 Int 4 Number of points in scan line #2 

timeSL2 Double 8 Time of scan line 2, in seconds. 
X_pt1_sl2 Double 8 X position in millimeters of the first point of 

scan line 2. 
Y_pt1_sl2 Double 8 Y position in millimeters of the first point of 

scan line 2. 
.    
.    
.    

X_ptM_sl2 Double 8  X position in millimeters of the last point of 
scan line 2. 

Y_ptM_sl2 Double 8 Y position in millimeters of the last point of 
scan line 2. 

.    

.    

.    
numPtsSLL Int 4 Number of points in last scan line 

timeSLL Double 8 Time of last scan line in seconds. 
X_pt1_slL Double 8 X position in millimeters of the first point of 

last scan line. 
Y_pt1_slL Double 8 Y position in millimeters of the first point of 

last scan line. 
.    
.    
.    

X_ptK_slL Double 8  X position in millimeters of the last point of 
last scan line. 

Y_ptK_slL Double 8 Y position in millimeters of the last point of 
last scan line. 

 



Localization Data File (.mad) 
 
Purpose: This file describes rotations and translations of our backpack system, specifying the 
transformations between IMU coordinates and world coordinates over time.  Note that the 
translations and rotations measured are global and therefore do not have to be compounded. 
 
Description: This is a BINARY file specified as follows: 
 

Variable Name Variable 
Type 

Size  

(bytes) 

Description 

numZupts Int 4 Number of zero velocity updates (ZUPT) 
during the data acquisition.    

zuptStartTime_1 Double 8 Start time of first ZUPT 
zuptEndTime_1 Double 8  End time of first ZUPT 

.    

.    

.    
zuptStartTime_M Double 8 Start time of last ZUPT 
zuptEndTime_M Double 8 End time of last ZUPT 
numIMUMeas Int 4 Number of localization measurements 

recorded.  Each measurement consists of a 
time, x, y, z, roll, pitch, and yaw. 

Time1 Double 8 Time of first measurement in seconds. 
X1  Double 8 X position (easting) of the IMU at the time of 

the first measurement in meters. 
Y1 Double 8  Y position (northing) of the IMU at the time 

of the first measurement in meters. 
Z1 Double 8  Z position (altitude) of the IMU at the time of 

the first measurement in meters. 
Roll1 Double 8 Roll of the IMU at the time of the first 

measurement in degrees. 
Pitch1  Double 8 Pitch of the IMU at the time of the first 

measurement in degrees. 
Yaw1 Double 8  Yaw of the IMU at the time of the first 

measurement in degrees. 
.    
.    
.    

TimeN Double 8 Time of last measurement in seconds . 
XN Double 8 X position (easting) of the IMU at the time of 

the last measurement in meters. 
YN Double 8  Y position (northing) of the IMU at the time 

of the last measurement in meters. 
ZN Double 8  Z position (altitude) of the IMU at the time of 



the last measurement in meters. 
RollN Double 8 Roll of the IMU at the time of the last 

measurement in degrees. 
PitchN Double 8 Pitch of the IMU at the time of the last 

measurement in degrees. 
YawN Double 8  Yaw of the IMU at the time of the last 

measurement in degrees. 
 
 
 


