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1. Introduction

When creating geo-reference frames from cameras mounted on a moving non-flexible system,
such as airborne, vehicle, and terrestrial robots, along a road, the orientation of image frames is one
of important properties. In photogrammetry field, the orientation of these image frames without
supporting any sensors is estimated by using the slow and costly establishment of ground control
points (Edward et al, 2001), conventionally. In comp{xter vision field, detection of optical flows,
conjugated points, is used to estimate the orjentation for low-cost and fast achievement (Han and
Park, 2000, Pollefeys et al, 2000, Chon et al, 2004). After several hundred frames, approaches based
on optical flows are impossible to estimate the orientation because of the accumulated error of the
orientation (Chon, 2005). Mobile Mapping System (MMS) or terrestrial robot has been adapting to
avoid the accumulated error and to fast measure of the image frame orientation (Schwarz et al,
1993, El-Sheimy and Schwarz, 1999, Mostafa, 2003, Bayoud, 2005).

A MMS consists of several cameras or multi-spectral pushbroom scanner, laser ranges, Inertial
Navigation Sensor(INS) or Inertial Measuring Unit (IMU), Global Positioning System (GPS), etc. To
get geo-reference frames, the orientation of the rigid body of MMS is measured by using Kalman
filter with the data of INS and GPS, the orientation of image frames isthen simply determined by
using & coordinate transform (Schwarz et al, 1993). Using a point as a medium in the body of
MMS, a lever-arm and boresight, which mean the spatial offset and angle misalignment between
camera frames and INS, determine the coordinate transform. Conventional researches have been
estimating the lever-arm and boresight through a camera calibration. The camera calibration using
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targets assigned 3D data calculates the lens distortion, internal and external orientations of a
moving camera to the global coordinate system (Brown, 1971, Tsai, 1987, Heikkil and Silven, 1997,
Zhang., 1999). In the estimation, they assumed that the iriitial state, such as position and pose, of
INS represented in the global coordinate system is basically known or used additional sensors for
setting the initial state in itself. The additional sensors determine the inclination and roll angles by
using a 3-axis micro-machined accelerometer to measure the direction of earth’s gravity. The
azimuth angle is determined by measuring the earth’s magnetic field using a 3-axis magnetometer
subsystem. The cost of these INSs with self calibration functions is extremely expensive. In case of
low-cost INS composing rate gyroscopes and accelerometer onlyor MicroElectroMechanical Sensor
(MEMS) INS, the initial state isset by using manual method, generally. If there is no an elaborate
initial setting skill, as time goes on, the accumulated error of the orientation of a camera will be
huge, quickly. Then geo-referenced frame will give fault information.

To avoid difficulty of these elaborate settings, we design a novel mathematical model defining
the physical relationship between a camera and the unknown initial state of INS. Relationship of the
initial reference coordinates of a camera and an INS mounted on a non-flexible systemcan be
defined by a coordinate transform with the lever-arm and boresight. After moving the system, the
position of INSto the initial camera coordinatesystem can be defined two paths. The two paths are
defined by summations of vectors calculated by using the relative orientations of the camera and
the INS. We estimated the lever-arm and boresight from several sets of the two paths a simulation
test.

2. Approximation of the Physical Relationship

. . T -
For the lever*ann,szl[COSO‘COSﬂ sina cos smﬂ], and boresight, Qf=[a)/c ¢1C K/C]T we can

obtain function F, our mathematical model, following as:

[F1(t) F, (1) Fz(t)]r:PCC(x)+R(®g(r))L§_L§—R(Q$)PI[(l) )]

F® F@) F®
F(1) F) FQ©) |=RO)REQ) - REQ)RO,)

Fo() F,() Fy(®) (2)
® 1 0 0 cosg 0 sing|cosk —sink O
RI®=|¢||=R,R,R =0 cosw -sinw 0 1 0 |sink cosx O

In  which K 0 sinw cosw |—sing 0 cos¢| O 0 1lis a 3 by 3

C C
rotation matrix, oo and Ocwy are the position and pose of the camera at time t represented in the

initial camera coordinate system, and P llm and ®;m are the position and pose of the INS at time t
represented in the initial INS coordinate system. As Eq(l) and Eq(2) are non-linear and does not fit
to approximate the unknown parameters, the lever-arm and. boresight .directly, it is needed to
linearize the two conditions to obtain approximated functions using Taylor series. The partial
derivatives with respect to the unknown parameters are necessary are following as:
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in which i is the index of equations. Since the number of the unknown parameters is six and the
number of equations to specific time t is six, there are generally necessary for at least one pair of
camera orientation and INS data except an initial camera orientation. Since the property 1 is

proportioned to the three equations,Fx, Fz, and £ ,of Eq (1), for the unknown six parameters, at
least six pairs of the orientations of camera and INS data are needed. Since the nine equations of
Eq (2) are originally separated from Eq(1l), the nine equations are not counted as additional
equations. '

For the several pairs of the camera orientation and INS data, Eq (3) can be rewritten as:

B=JA 4)

, L |re e R oFo a0 eRo).
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where, : , : : : :

, and

AmF[‘” da dp da’zc d¢lc d’fzc ]’ is the vector of six observa_tional residuals. The vector of six

observational residuals, A, is found with the aid of the classical least—square solution.

a=(7s)'uB
£ OS] =5 Off +A ' 5)
i ol =[x o]

A

After few iterations of Eq(6), the unknown parameters, (Lf,QIC),can be determined.

3. Simulation
Table 1. The given data.

v | Camera Index 1 2 3 4 5 -8 7

Onentation | Position (101010) | (201010 | (301010) | (401010) | (S01010) | (BO101DY | (7010100
[Mleter]
Pose (123 (345 (567 (789 | (91011) | 111213 | (131415

[Deagre:]

lever-arm (-1-027072)
[Meter]
Boresight (30-19105)

[Degree]
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For the simulation, the given camera orientation and the given lever-arm and boresight are shown
in table 1. For displaying the relative orientation of INS, which is estimated using the given data, in
the global coordinate system, we convert the relative orientation from the initial INS coordinate
system to the initial camera coordinate system and from the initial camera coordinate system to the
global coordinate system. Fig.l shows the given lever-arm and boresight and the orientation of
camera and INS represented in the global coordinate system. In table 2 showing the simulation
result, we know that the estimated figures of the lever-arm and boresight are closed to the given
data. When giving various data in other way, the estimated figures are closed to the glven data,
too. In view of the simulation results, it is clear that our mathematical model has no mathematical

or physical problems.

100 92

Fig. 1. The orientation of camera and INS in 3D space.

Table 2. The estimated lever-arm and boresight.

Initial Estimated
lever-arm [Meter] : (01 0 O (0990192 027181 072123)
Boresight [Degree] O 0o m . (29982  -19017 10501)

_-000840 and iteration number is 15,

n

4. Conclusion

We have designed a novel mathematical modeling for the physical relationship, the lever-arm and
boresight, between camera and the unknown initial state of INS mounted on a moving non-flexible
body. Our mathematical model defines the position of INS at time t by using two paths. The two
paths are defined by summations of vectors calculated by using the relationship with the relative
orientations of the camera and the INS. We prove that our mathematical model has no mathematical
or physical problems through a method of numerical analysis.

Since the advent of low cost, MEMS INS offers the opportunity for applying inertial navigation
for a wide variety of new applications, systems composing charge coupled device (CCD) combined
with the MEMS INS will be widely used. Our mathematical model will be usable for calibrating the
physical relationship between the CCD camera and MEMS INS of these systems
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