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Abstract: 
In the near future, precise road line location data is said to be applied to car navigation system and ITS to increase the 

driving safety. It is important to maintain road data freshness and accuracy. A  MMS(Mobile Mapping System) can acquire 
this road database, while offering an unbeatable productivity with the combination of navigation, and videogrammetry tools. 
The proposed MMS, featuring a GPS/DR(Dead Reckoning) combined navigation system, the 3 axes 
GPS-Gyro/IMU(Inertial Measurement Unit) , laser scanners, and nearly horizontal cameras, can measure centerline and 
side-line location precisely considering 3D road surface model based on a laser scanner.  
The carrier phased D-GPS/DR combined navigation system and GPS-Gyro/IMU performs highly accurate position and 

posture estimation at a few centimeter and 0.1 degree order. It can be said that the proposed MMS and its unique road signs 
positioning method is valid and effective as the road sign location error is within 100[mm] even in the slanted road by 
considering the 3D road surface model. 
Keywords: Mobile Mapping System, GPS- Gyro /IMU, Road line  survey, GIS 

1. Introduction 
The development of road telematics requires the 

management of continuously growing road databases. For 
example, car navigation system’s road map is revised every 
four years in Japan. But current market demands more 
frequent map information updates. If it were executed every 
two years, it would grow much larger. On the other hand, 
road maintenance services require the features of the 
pavement as database. Each road data should be linked to 
marked or painted points whose position is defined within a 
linear referencing system or as the absolute coordinates.  A 
MMS can acquire this road database, while offering an 
unbeatable productivity with the combination of navigation 
and videogrammetry tools. Our mobile mapping system can 
be distinguished from its predecessors by its ability to 
georeference the road signs through vertical oriented 
camera [1] or nearly horizontal camera with flat road 
model[2]. The proposed MMS, featuring an excellent 
GPS/DR combined navigation system, 3 axes 
GPS-Gyro/IMU, laser scanners, nearly horizontal cameras 
and high sampling rate road data measurement logger can 
measure centerline and side-line location precisely 
considering 3D road surface model.  
The carrier phased D-GPS/DR combined navigation 

system and 3 axes GPS Gyro performs highly accurate 
position and posture estimation at a few centimeter and 0.1 
degree order. It can be said that the proposed MMS and its 
unique road signs positioning method is valid and effective 
as the center-line location error is within 100[mm] even in 
the slanted road by considering the 3D road surface model. 
2. System Concifuration 

This mobile mapping system combines an accurate 
positioning by GPS/DR measurements and attitude/heading 
referencing by carrier phase based GPS Gyro measurements 
with three progressive scan cameras and three laser 
scanners as shown in Fig.1. A hybrid car provides 1500 watt 
continuously for the sensor and computer’s electric power 
without a supplementary battery. An embedded system 
guarantees the synchronization of navigation data with 
imagery. The spatial referencing is provided by PAS 
(Positioning Augmentation Services) system operated by 
Mitsubishi Electric Corporation. Two GPS antennas are set 
parallel to the left side of the vehicle and one antenna is set 
triangular position to the others. The sensor specifications 
are listed in Table1.  

Table1 Sensor Configuration 
Loaded 
sensor Sensor name  Manufacturer 

BD950 Trimble 
GPS ANTARIS u-blox 

odometer   Mitsubishi 
Electric 

IMU AHRS400CC-10
0 Crossbow  

Fiber Optic 
Gyro JG-35FD Japan Aviation 

Electronics  
VGA-120 
2M30C CCD Camera
4M15C 

IMPERX 

LMS 291 Laser scanner
LMS 200 

SICK 
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 All sensors are mounted on the top of a van on a rigid 
roof-rack. 
 

 
Fig.1. System configuration 

3.Precise positioning by GPS/DR measurements and 
attitude/heading referencing by carrier phase based 
GPS Gyro/IMU measurements 
When operating in higher speeds in quickly changing 

surroundings, any global application of precise 
trajectography requires high-performance GPS receivers 
with instantaneous re-acquisition of signals after loss. The 
dual frequency receiver Trimble BD950 can provide raw 
data 10 times per second. To ensure a use of the system 
under a poor GPS coverage, DR system consisting of an 
odometer and a FOG(Fiber Optics Gyro) provides the linear 
speed and angular rate at 120 Hz. The carrier phased D-GPS 
fixed solution provides aiding to the loosely coupled inertial 
navigator by EKF(Extended Kalman Filter). Further aiding 
comes in the form of initial heading angle from the GPS 
Gyro. The GPS/DR combined navigation system is shown 
in Fig.2  

 
Fig.2. Software synchronized GPS Gyro 

The horizontal positioning accuracy is about 20[mm] 
(1σ ) and the vertical one is about 40[mm] (1σ ) when 
excellent GPS visibility is obtained. The GPS Gyro consists 
of three pairs of single frequency GPS antennas, three 
un-synchronized receivers, an AHRS providing three 
angular rates and EKF. As the GPS Gyro’s synchronization 
of three un-synchronized receivers is achieved by the GPS 
‘s UTC time stamp, any low price receivers with low carrier 
phase noise can be used . The block diagram is shown in 
Fig.3. 

Fig.3. Loosely-Coupled Carrier-Phase D-GPS/DR 
combined navigation 

GPS Gyro’s operational theory is shown in Fig.4 Suppose 
that a and b are GPS antennas which receive same two GPS 
satellites signal simultaneously.  

 
Fig.4. Relation between double difference and baseline 

vector 
The pseudo  range ij

abρ  can be expressed as dot product of 

the baseline vector abb  and its double phase difference as 
shown in equation (1). 
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Where,  abb  is  the baseline vector between antenna a and 

b, j
ae  is the LOS(Line Of sight) vector from antenna a to 

satellite j, i
ae is the LOS vector from antenna a to satellite i, 

j
bρ  is the pseudo  range from antenna b to satellite j, j

aρ  is 

the pseudo  range from antenna a to satellite j, i
bρ  is the 

pseudo  range from antenna b to satellite i, i
aρ  is the pseudo  

range from antenna a to satellite i. Firstly, three independent 
double phase differences can be obtained by the expansion 
of the equation (2) to four satellites. 
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Where λ  is latitude φ  is longitude, N is ambiguity. 
Suppose that all LOS vectors from three un-synchronized 
receivers are synchronized by the GPS time stamp in the 
data logger. The Equation (3) is simplified as equation (1) 
using vector W: double phase differences, A: symmetric 
positive definite matrix and  b: baseline vector. 

Abw =      (3) 
Secondly, the baseline vector b in ECEF coordinates can 

be calculated as equation (6) using Cholesky 
decomposition. 

UU)(AA T-1T =     (4) 
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UwUwbb TTT =      (5) 
Uwb =       (6) 

Finally the baseline can be calculated with every GPS 
update epoch as equation (7). The ambiguity N can be 
calculated by the constraints as shown in (8). 
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The coordinates transformation from ECEF to NED is 
obtained as equation (9), where n

eC is coordinates 
conversion matrix. Fig.5. shows three antenna placement 
and its corresponding two baseline vectors: n

2b  and n
3b .  

bCb n
e

n =      (9) 

 
Fig.5. Three antenna placement 

Then the vehicle heading and pitching angle is obtained as 
(10), (11) respectively, and rolling angle is obtained as (12). 
EKF is used so that an IMU’s angle measurement result at 
120 Hz is compensated by the GPS Gyro’s observation 
angle. 
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Fig.6 shows the proposed GPS Gyro’s angle resolution in 
a condition that GPS signal which is corresponding to 0 
degrees is offered from a GPS simulator(Spirent,GSS7700).  
The jerk on the data is caused by the tracked satellite’s 

change. The angle resolution, which is decided by the 
antenna baseline pitch as well as GPS’s L-1 band frequency, 
is 0.1[deg] for heading and rolling and 0.2[deg] for pitching. 
The precise posture estimation can contribute to the road 
sign accuracy  improvement as a van tends to cause pitching 

and rolling movement at larger than 2[deg] in a normal 
cruise speed. The GPS-Gyro/IMU‘s measurement angle 
data which is corresponding to Fig.7’s 

 
Fig.6. GPS Gyro stationary test result 

 
Fig.7. GPS-Gyro/IMU angular measurement result 

4. Road line recognition 
Road line recognition algorism[18] flow is shown as Fig.8.  
The Canny filter is used as edge extraction filter.  
Horizontal line scanning is used as segmentation. 

Robustness toward occlusion or "Dash line" is 
accomplished by various examination processes as shown 
in Fig.9. Table.2 shows an example of  road line detection1 
rate. 

 
Fig.8. Road line recognition algorism flow 
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Table2. Road line detection rate 
  Detection rate [%] 

Video1(4276 frame) 91.3 
Video2(9750 frame) 93.7 

 

 
Fig.9. Recognition result 

5. White line localization 
The proposed MMS, featuring an excellent GPS/DR 

combined navigation system, a GPS-Gyro/IMU, a laser 
scanner and high sampling rate road data measurement 
logger, can measure centerline and side-line location 
precisely considering 3D road surface model based on the 
laser scanner’s range data. Firstly, the point-clouds data 
obtained by a laser scanner which is mounted vertically to 
road surface is converted to NEU orthogonal coordinates by 
the posture and the position considering the van’s body 
coordinate and sensor coordinate. Suppose that LRFr,θ  is 
laser scanner’s range  raw data and VVV E,U,N  is the 
vehicle position. The coordinates transformation is shown 
in the equation (14).  
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LRFLRFLRF z,y,x ∆∆∆  is the distance between the GPS 

antenna position and the laser scanner position, ,  Vφ  is the 

vehicle roll angle, Vθ  is the vehicle pitch angle, Vψ  is the 

vehicle yaw angle, and  LRFLRFLRF ,, ψθφ  is the laser 
scanner’s mounting angle toward the body flame. Fig.10 
shows an obtained point-cloud data in NEU coordinates and 
Fig.9 shows the corresponding image data with road symbol 
recognition result. The obtained 3D data has sufficient 
resolution so that it can identify sidewalk’s edge. Fig.10 
shows the white line image processing procedure. The 
white line position on the camera’s u-v coordinates is 

calculated and recorded as representative points along with 
the edges as shown in Fig.10. Then, these green points are 
projected to the corresponding points on 3D road surface 
model using the camera’s  LOS(Line Of Sight). Suppose 
that NL,UL,EL is the white line position on the image in NEU 
coordinates. UL,VL is the white line position on the camera 
image. The camera LOS is obtained in the equation (22). 
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Where, )(x φR   is rotating matrix around x-axis, )(Y φR   is 
rotating matrix around y-axis, )(Z φR   is rotating matrix 
around z-axis, ( )zy,x,T  is translation matrix. 

camcamcam z,y,x ∆∆∆  is the camera mounting position 

and camcamcam ,, ψθφ is the camera mounting angle. 
f is focus of the camera. V_SIZE is vertical resolution. 

U_SIZE is horizontal resolution. Pixel_SIZE is the 
camera’s CCD size. 
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Where, Ncam0 Ucam0 Ecam0 is Camera center position. 
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Fig.10. Point cloud road model 
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Fig.11. White road line localization algorithm 

 

 
Fig.12. White road line localization 

Fig.12 shows the image projection to the 3D road surface 
algorithm. The closest 3 points on the 3D road surface 
where their aspect intersects the LOS is chosen as 
corresponding polygon. Hence, the representative point on 
the polygon is calculated as a gravity point of these three 
points in ENU coordinates. In order to check the proposed 
method, point-cloud data on the road surface model is 
projected to the camera’s u-v coordinates adversely. An 
example of this reverse perspective transformation result is 
depicted in Fig.13. Green points represent the transformed 
point-cloud data on the road surface model. It can be said 
that the proposed method as well as camera parameter 
identification is valid as the sidewalk’s edge on the image is 
correctly corresponding to that of point-cloud data on the 
road surface model. 
Thus, the textured 3D point cloud model can be obtained 

as shown in Fig.14. Fig.15 is the corresponding road line 
localization result. It can be said that precise 3D 
reconstruction is achieved by the proposed method. Fig.15 
shows the measurement point and Fig.17 shows its  
localization result. The total-station's result is treated as 
true. It can be said that the proposed MMS and its unique 
road signs positioning method is valid and effective as the 
center-line location error is within 100[mm] even in the 
slanted road by considering the 3D road surface model. 
 
 
 
 
 

 
Fig.13. Perspective transformation result 

 
  Fig.14. Textured 3D point cloud model 

 
Fig.15. White road line localization result 

6. Conclusion 
The proposed MMS can acquire this road database,  While 

offering an unbeatable productivity with the combination of 
navigation, high-resolution images and laser-based range 
information. The MMS, featuring a GPS/DR combined 
navigation system, a GPS-Gyro/IMU, nearly horizontal 
cameras,  laser scanners and high sampling rate road data 
measurement logger, can measure centerline and side-line 
location precisely considering 3D road surface model. The 
carrier phased D-GPS/DR combined navigation system and 
GPS-Gyro/IMU performs highly accurate position and 
posture estimation at a few centimeter, 0.1 [deg] for heading 
and pitching, and 0.2[deg] for rolling. Thus, the system 
allows within 100 [mm] resistitution of both centerline and 
side-line when GPS's fix solution is obtained. 
 This MMS's road symbol recognition ability will be used as 
road maintenance database for road pavement maintenance 
as well as geographical information for car navigation. 
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Fig.16. White road line localization accuracy evaluation test 

Environment 

 
Fig.17. White road line localization accuracy evaluation 

result 
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