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During the non-landing measuring of vehicle mounted theodolite, especially under high-speed tracking measurement, the mis-
alignment of theodolite’s center of mass and spindle etc. will cause high-frequency vibration of theodolite platform, increase
the observation error of targets and even unbelievable results. In this paper, a correction method of non-landing measuring of
theodolite based on static datum conversion is presented, which can effectively improve the observation accuracy of theodolite.
The CCD camera is fixed to the theodolite platform to calculate the gesture shaking quantity of theodolite platform in geodetic
coordinate system through the real time imaging of static datum. The observation results of theodolite are corrected by using
such shaking quantity. The experiment shows that the correction accuracy exceeds 10 s of arc. The intrinsic parameter calibra-
tion technology of camera based on stellar angular distance and absolute conic put forward in this paper can prevent the esti-
mated error of extrinsic parameters influencing the intrinsic parameter calibration and improve the intrinsic parameter calibra-
tion accuracy; the static datum conversion technology can reduce the influence of installation error of camera and theodolite
platform on gesture measuring of the platform. The simulation experiment shows that when the shaking range of the platform
is less than 30 min of arc, the influence of the three-axis installation error of camera within 3deg on the accuracy of correction
results is less than 8 s of arc. The method in this paper can be extended to and used in the field of gesture shaking measuring
and micro-structure deformation of various unstable platforms, therefore it is of important theoretical research significance and
has wide engineering application prospect.
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The theodolite is the most basic tracking measuring equip-
ment to obtain the trajectory data and flight status of flying
targets and is mainly divided into the fixed-type theodolite
and vehicle-mounted theodolite by work modes [1-3]. Alt-
hough the fixed-type theodolite is of high accuracy and re-
liability, it has limited range of action and is hard to meet
the maneuverable demand of modern weapons. The vehi-
cle-mounted theodolite makes up the weakness of the fixed-
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type theodolite in the aspect of maneuverability by using
maneuverable station distribution and fixed point measuring,
that is to say, transporting the theodolite to the measuring
point location by vehicle first and then carrying out meas-
urement; in which, after arriving at the point location, the
circumstance placing the theodolite on the foundation and
then carrying out measurement is called “landing measur-
ing” and the circumstance not placing the theodolite on the
foundation and then carrying out measurement directly is
called “non-landing measuring” [4]. However, there are some
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problems in the actual use of the vehicle-mounted theodolite,
for example, the landing measuring needs long preparation
time, not satisfying the real-time requirements; although the
non-landing measuring can effectively ensure the flexibility
of the optical measurement of shooting range and extend the
measuring area, it is of no fixed base, so under the working
condition of theodolite, especially under high-speed track-
ing measurement, the theodolite’s center of mass and spin-
dle are easy to be misaligned and the eccentric torque gen-
erated hereof will make the theodolite platform shake,
causing non-uniform datum coordinate system and unbe-
lievable angle measuring results of theodolite. To extend the
application of the vehicle-mounted theodolite under such
conditions, the conversion relation of theodolite platform
and geodetic datum at any time is calculated with high ac-
curacy and the angle measuring results of theodolite is cor-
rected, then the measuring results under geodetic datum
coordinate system will be obtained.

Ref. [5] demonstrates by numerical simulation experi-
ment that the rotational deformation is the main factors to
influence the angle measuring error of theodolite. The rela-
tion model of angle measuring error of the vehicle-mounted
theodolite and rotational deformation angle is established.
The deviation angle of the platform is measured by using
the Moire fringe auto-collimation measuring system and the
slope angle of the platform is measured by using inclinom-
eter to correct the measuring results of theodolite; in ref. [6],
the shaking quantity of the vehicle-mounted platform is
imaged on the CCD target surface in the auto-collimation
collimator by light path transmission, the video signal is
collected by image capture card from time to time and the
gesture shaking quantity of the platform is calculated based
on the interpreted miss distance quantity data; a relative
measuring method to calculate the three-dimensional mo-
tion of unstable platform is put forward in ref. [7], however,
in the actual outdoor working environment, the initial ges-
ture of theodolite and alignment accuracy of geodetic coor-
dinate system are hard to be ensured.

A non-contact absolute measuring method based on
camera measurement is put forward in this paper and the
gesture rotation matrix is calculated by the real-time imag-
ing of static datum with CCD camera [8, 9]. As the pointing
of static datum in inertial space is not changed, the angle
measuring results of the vehicle-mounted theodolite at any
time can be corrected to the geodetic coordinate system.

1 Mathematical analysis
1.1 Definition of coordinate system

To elaborate the correction measuring principles in this pa-
per, some common right-handed coordinate systems of the-
odolite are introduced.

Platform coordinate system of theodolite: The origin is
the intersection point of the horizontal axis and vertical axis
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of theodolite, Y axis coincides with the vertical axis of the-
odolite, Z axis coincides with the vertical axis at initial
moment, X axis is confirmed by the right-handed rule and
the coordinate system is fixed to and moves with the theod-
olite platform; the horizontal axis of theodolite and the ge-
odetic horizontal plane at initial moment are parallel and
point to the north. The vertical axis points to the earth’s core
and is in vertical state.

Geodetic coordinate system: It coincides with the plat-
form coordinate system of theodolite at initial moment and
is not changed in inertial space.

Camera coordinate system: The origin is the optical cen-
ter of camera and the Z axis coincides with the optical axis
of camera and moves with the camera.

Image coordinate system: The origin is at the top left
corner of the image and it is a rectangular coordinate system
with pixel as the coordinate unit.

Inertial coordinate system: The origin is the earth’s cen-
ter, the X axis points to the intersection point of equatorial
plane and prime meridian, the Z axis coincides with the earth
axis and the Y axis is confirmed by the right-handed rule.

The static datum coordinate system is established on
marker and keeps relatively static with the geodetic coordi-
nate system.

1.2 Absolute conic

The absolute conic €2, is a conic on infinite plane 7. In the
measuring coordinate system, m=(0, 0, 0, 1) and the point
X=(x1, X5, X3, x4)" in £2,, satisfies

X +xl+x2 =0,
PR (M
x, =0.
The equation of £2,, can be written as
T
(xl X, )63)I3X3 (x1 X, x3) =0. 2)

It is clear that it is a conic comprising pure imaginary points
on M.

Once the €2, is identified in the three-dimensional pro-
jective space, the included angle in the Euclidean coordinate
system can also be measured. Assuming that the direction
vectors of two straight lines are d; and d, respectively (gen-
erally not unit vectors), its included angle in the Euclidean
coordinate system is

T
cosf = L 3)
(a/d, )(d;d,)

Or it can be written as
d'Q.d,
Jare.d)al0.q,)

cosd =

“4)
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1.3 Absolute conic and intrinsic parameter matrix

The point on 7, can be written as Xw=(dT, O)T, and is im-
aged as image point x by general camera
d
x=PX, =KR[I|-C] o |~ KRd = Hd. (5)

The H is the planar homography matrix, that is to say, map-
ping between infinite plane and image plane.

Under point transformation x=Hd, the deduction of conic
conversion is as follows:

d'0.d=(H"x) @, (H"x)
=x" (H’TQCDH’1 )x
=x"Q x.
H=KR is substituted into the above formula:
Q =(KR)"Q (KR
=K "(R"IRHK™
=(KK")". (6)

Q' is also called image of €2, which is only related to the

intrinsic parameter K of camera and not related to the ges-
ture and location of camera.

1.4 Relation of absolute conic and ray included angles

It can be seen from Figure 1 that the back projections of

image points x; and x, are two rays, whose direction vectors

are d| and d, respectively and the included angle is 6.
According to eq. (4),

(ara,)die,)
(K'x) (K'x,)
JE ) (K75 ) (K (K7,)
B xlT (K'TK_1>x2
\/(xlT (K’TK’1 )xl )(sz (K’TK’1 )xz )

= : (7
\/<fo;)€1 )(xQTQO'OxZ )

cosd =

2 Intrinsic parameter calibration based on stellar
angular distance and the absolute conic (ICSAC)

The starlight passing through CCD optics focuses on the
imaging targeted surface of the probe and forms a projec-
tion. The imaging model of the starlight could be depicted
by central projection model, as shown in Figure 2, in which
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Figure 2 Pinhole imaging model.

0-X1Y\Z; represents the inertial coordinate system, while
0-xcycZ. represents the camera coordinate system. Supposing
the coordinate of the control point Pg is in the inertial coor-
dinate system, the coordinate of camera coordinate system
and the image coordinate system is (X, Y, Z), (x., y., Z), and
(x, y) respectively.

The conversion relation between the inertial coordinate
system and the camera coordinate system is

X, X
y. |=R| Y |+T, (8
Z Z

C

where R represents 3x3 coordinate rotation matrix, namely,
the gesture matrix of the camera, T represents the transla-
tion vector from the inertial coordinate system to the camera
coordinate system.

The relation between the projected image coordinate of
the control point Ps on the imaging surface and its coordi-
nate in the camera coordinate system is

X 1 f»c 0 x() 'xc

YI=—0 f, Yl Y| )
ZC

1 0 0 1|z
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Substituting eq. (9) into eq. (8), it results in

1fx 0 x, X
=—10 f, Y| RY|[+T| (10)

‘1o o 1]\ |Z

_— = =

The star, as the control point, is in infinite distance. During
the conversion from the inertial coordinate system to the
camera coordinate system, errors brought by the movement
of an infinite point could be neglected, that is,

X, X
y. |=R| Y | (11D
Z V4

Supposing @ and v are the direction vectors of the star in
the inertial coordinate system and the camera coordinate

system, 6’; represents the included angle between @, and @,
rays in the inertial coordinate system, while 6’; represents

the included angle between v; and v; rays in the camera co-
ordinate system, the relation between them is as follows:

o o, Rilv.)T (Rilv.)
g o _(m) (&Y
Ilelllw | Irwfl=v)

||v |||| ||

The following conclusion concerning orthogonal trans-
formation could be achieved: while choosing an infinite
object as the observed target, the relation between the iner-
tial coordinate system and camera coordinate system could
be just approximately deemed as rigid rotation and the stel-
lar angular distance is kept invariant.

According to the above conclusion, without considering
the distortion and noise, a relation formula between the co-

=cosb;. (12)

sine of diagonal included angle HJ of any star and the ab-

solute conic matrix and corresponding image points could
be achieved:

. xiTQ;xj
cos 6’ij = . (13)

\/(xiTQ;xi)(ij.Q;xj)

represents symmetric matrix without loss of

As Q'

©

generality, supposing 2’ is

8b\

Il

S

QU
— a0

o
o
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Recording x, =(%,¥.1)" and x, =(%,,7,,1)' as the

respective homogeneous coordinate of the projected image
points of stars i and j, eq. (13) could be further settled as

—cos@; \/(xiT.Q;xi )(xJT.Q;xj ), (14)

F,(a,b,c.d,e)= T.Q'
where
TQ’x =ax Vit
+e(X. +X )+e(y. +V.),
,, ) (5+7,) as)
x' Q! x. = ax’ +dy; +1+2b%. 5, +2cX, +2e7,,
T ! ~2 ~2 ~ ~ ~ ~
X, x, =ax; +dy; +1+2bx,y, +2cXx; +2ey .

Taking into account measurement noise, eq. (14) should
be

x QL x, —cos b \/<fo;)@. )(xJTQ;Oxj)
:Fl_.].(a,b,c,d,e)—i-ne. (16)

Supposmg the estimated value of (a, b, c, d, e)
(a, b c, d &)", and (Aa, Ab, Ac, Ad, Ae)" represents the
parameter estimation error, eq. (17) can be achieved by

conducting first order Taylor expansion at the estimated
value in eq. (16):

ij ij ij
Aa
Ab
oF, OF; OF, OF; OF,
=| L 528 T Ac |+n,
da 0Ob Oc 0d Oe
Ad
Ae
=A[da Ab Ac Ad Al +n,, (17)

where the definitions of B; and A;; are as follows:

cosﬁl\/(xiT.Q;xi)(ij;xj),
_| 9F; 8FU OF, oF, OF,
"|8a b bc od e |

B, =x, Q' x

Supposing the number of effective stars projecting on the
same field of view is n>4, eq. (17) should be corrected as

e=A[Aa Ab Ac Ad Ae] +Ng,

=B, —F.(4,b,¢,d,e), (18)

where N, represents the error matrix brought by random
noise, and
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oF, oF, oF, oF, 0F, |
Oa ob oc od Oe
aof o mm o |
Oa 0b oc od Oe
a17&:171)71 a}Iénfl)n a}Iénfl)n aP—;nfl)n aP—;nfl)n
L Oa ob oc od e |
T
&= |:512 & g(nfl)n:| >

,n=1j=i+1, -, n).

Generally, the optimal solution !}0’0 of @ in algebra

sense could be achieved through finite iteration by least
square iterative method.

Eq. (6) shows that Q° =(2')" is the product of an
upper triangular matrix and its transposition, and a real
symmetric matrix can uniquely confirm such upper triangu-
lar matrix and its transposition (2’ = KK" ) through Chole-

sky. Accordingly, the intrinsic parameter matrix K could be
calculated.

The balancing optimization of the intrinsic parameters of
the camera can be conducted through “bundle adjustment”
method. As the projection of the star on the imaging surface
is an echogenic mass with a radius of r, and its measure-

ment error fulfills the Gaussian distribution, according to ref.

[10], the maximum likelihood estimate of K in reprojection
error sense could be achieved.

3 Static datum conversion

Vehicle-mounted theodolite platform is a typical unstable
measurement platform, in which the most critical factor
influencing the theodolite measuring result is the gesture
variation quantity of vehicle-mounted platform relative to

Theodolite
1
z, Cz:mera
A /A X
‘ —
——
Unstabl o
nstable
platform / > Yy
A J
' 2
Pedestal
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the geodetic coordinate system, namely, the absolute ges-
ture variation quantity. According to the requirements of
different tasks, the vehicle-mounted theodolite would be put
into work outdoors, requiring quick and all weather opera-
tions of the correction system. However, the preparation of
the vehicle-mounted theodolite platform at initial moment
costs quite a long time, and is affected by outdoor environ-
ment, it is quite difficult for the leveling accuracy to fulfill
the requirements. Therefore, we propose the correction
method based on static datum conversion.

3.1 Cardinal principle

As shown in Figure 3, the gesture of static datum relative to
the camera is expressed as conversion matrix Hy_, that of
the geodetic coordinate system relative to static datum co-
ordinate system is expressed as conversion matrix H

wB
and that of the camera relative to the theodolite platform is
expressed as conversion matrix H_ . As the camera and
the theodolite platform are fixedly linked, H_ would not

vary with time.
Supposing the conversion matrices of static datum rela-

tive to the camera at initial moment and at ¢ are H, and
H_ respectively, the coordinates of the control point P in
the theodolite platform coordinate system at initial moment
andatzare P’ and P! respectively; the coordinates of P
in the camera coordinate system at initial moment and at ¢
are P’ and P' respectively; the coordinate of P in the
static datum coordinate system is P, the following rela-

tions exist:

1)1,10 :chl)co’
1)ut :chl)cl’ 0
=P =H, P, (19)
P, =(H,Hy ) P, "
PB :(HWBHSC)AI)CO’
ZB

Static datum
oordinate system

Zy

Geodetic
coordinate
/ system
Level
instrument

Figure 3 Schematic diagram of static datum conversion.
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where

H,, =H,HH (H)"(H,) (H,) . @0

uu

Partitioning of matrix H could achieve

H: R3x3 7‘3><1 .
0 1

As translation vector has little impact on the result of the-
odolite measurement, we are just concerned with the gesture
rotation relation between the theodolite platform coordinate
system and the geodetic coordinate system at 7. According
to the multiplication principle of the partitioning matrix, eq.
(20) could be expanded to

Ru,uo = RcuRwB |:Rgc (R]ISC )7 :|Rv;ll3Rc_ul
= RcuRwBARcR\:/:BRc_u1 . (21)

The angular decomposition of this gesture matrix is the
gesture shaking quantity (e, £, 7 of theodolite platform in
the geodetic coordinate system at any moment. The correc-
tion of theodolite measured value could be completed based
on the gesture shaking quantity [11].

3.2 Robust analysis

According to the form R, . =R(AR)R™" in eq. (21), the

following conclusion could be achieved: the installation
error of the camera and theodolite platform and the partial
calibration error of static datum are not added to the final
gesture measurement result through linear superposition but
reduce multiply. In this section, this is demonstrated mainly
from two aspects such as mathematical derivation and sim-
ulation experiment.

3.2.1 Mathematical derivation

Without loss of generality, we just take into account the
installation error of the camera and theodolite platform, and
conduct a mathematical justification on the aforesaid con-

clusion. Defining Ru ., and Ru ., as the true value and

measured value respectively of the gesture rotation matrix
of the theodolite platform coordinate system at ¢ and at ini-

tial moment, AR__ is the installation error. R~ and R |
120 120

could be expressed as
ku,uo = RcuAlecuARcAIec_ul Rc_ul ’

R=R, AR.R:. .

The error of the true value and the measured value is de-
fined as
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Error(AR,) = ‘
-
=|
< "RCU "F ||ARcuARcARc_u1 _ARc
<A|AR,AR.AR;! - AR

R“'“O - R”F
Rcu AIecu ARC AR(?ul R;lll - Rcu ARC R;lll
Rcu (ARcuARcARc_u1 - AIec )Rc_u1

F

F

IRl
(23)

CllF

From eq. (23), when the shaking quantity of the camera
AR — I, the Error(AR,)— 0 . Under the extreme

condition of AR =1, namely, the gesture of the camera

remains unvaried, the installation error would not have any
impact on the final measurement result. Under practical
working conditions, the three-axis gesture shaking quantity
of the theodolite platform (or the camera) is generally less
than 30" and the static datum conversion technique can
weaken the gesture measurement error caused by installa-
tion error. This characteristic is of great significance in pro-
ject realization, which can achieve higher measurement ac-
curacy under equal hardware conditions and also reduce the
hardware cost greatly under the same measurement accuracy.

3.2.2  Simulation verification

In the experiment of Monte Carlo, the static datum is 5 m
away from the optic center of the camera with an imaging
surface size of 1024x1024 pixels, the static datum is com-
posed of 9 cooperative marks distributed within a square
space of 0.5 mx0.5 mx0.5 m andthe extracted point extrac-
tion error distribution fulfills the Gaussian noise with condi-
tion of 0 mean value and 0.1 standard deviation. The meas-
ured value should be the azimuth and the pitch elevation
angle of target to be measured and is the corrected measured
value through the method proposed herein, not considering
the camera calibration error. The result of the experiment is
shown in Figure 4, Figures 4(a)-4(c) indicate that when the
shaking range of the measurement platform is 0-30', the
correction accuracy of the azimuth and pitch angle would be
higher than 10", while Figure 4(d) indicates that the triaxial
installation error is within 3°, the impact on the accuracy of
the corrected correction result would be just 8”.

4 Correction method

The expression of P under two coordinate systems could
easily be achieved from the spatial geometrical relationship
in Figure 5:

Xy =DcosEcos A,
Y, = DsinE, (24)
Zy =DcosEsin A,

and
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Figure 4 Result of the experiment of Monte Carlo.
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¥ T x T " results in
/_‘/A H w - /'Ar !
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Figure 5 Geometrical relationship of the target in two coordinate systems.

X,=D'cosE'cos A',
Y =D'sinE’,
Z,=D'cosE'sinA'.

(25)

As the coincidence of the geodetic coordinate system and
the theodolite platform coordinate system at initial moment,
there would be

XW Xu
Yy =R, | Y, |+T,, . (26)
ZW Zu

where R, - represents the rotation matrix of the platform

coordinate system transforming from ¢ to the initial mo-
ment.
Substituting eqs. (24) and (25) into eq. (26), it results in

where D and D’ are the object distance, namely, the distance
between the measured object and the theodolite, which is at
least several thousands of meters. In the shaking quantity of
the vehicle-mounted theodolite platform, the translation quan-
tity is generally millimeter magnitude, translation 7 , <<

D. Therefore, it could be approximately deemed that:

1 D’
ST, =0 1. (29)
Substituting eq. (29) into eq. (28), there would be
cos Ecos A cosE'cos A’
sinE |=R,, sinE’ (30)
cos Esin A cos E'sin A’

Substituting all the elements of R, , into eq. (30) yields

’ ’ : !’ S ’
tan A = cosE'cosA'+r,sin E"+r,; cos E'sin A

r,cosE'cosA'+r1,sin E'+ 7, cosE'sin A" (31)

sinE =r, cosE'cos A'+r,,sin E'+r,, cos E'sin A,
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Where ry—r3; are the corresponding elements of matrix

u,ug °

A computational formula of the algebra correction
method is given in eq. (31). Correcting the measured value
of the measured target through the measured rotation matrix
of the platform coordinate system relative to the geodetic
coordinate system at any time the corrected pitch angle and
azimuth [12] are achieved.

5 Experiments

5.1 Calibration experiment

A CCD camera was chosen with a pixel resolution of 1024x
1024 pixels design focal distance of 52 mm, pixel size of
3.45 umx3.45 um, and field of view of 20.5°. Under favor-
able weather conditions, the starry sky was observed at
night and 100 pictures of the star were collected. After ob-
taining the statistics of the star map, complete the identifi-
cation and extraction [13] of the star map through grid
method [14] and Kalman filtering method based on the
Singer model. A star map is given in Figure 6, the circle in
the map is the position of the star identified through grid
method. The coordinate position of the star in Figure 6 is
given in Table 1. Due to the atmospheric refraction, the ob-
served position of the star is different from the real position
of the star. The observed height of the star minus the astro-
nomical refraction equals the authentic height of the star.
The larger the zenith distance of the star, the larger the as-
tronomical refraction, but with the variation of temperature
and atmospheric pressure, the astronomical refraction would
be different. The theoretical elevation angle of the star would
be achieved generally through the correction method of as-
tronomical refraction in astronomical almanac [4, 15, 16].
After obtaining the accurate stellar angular distance, the
intrinsic parameter of the camera was calibrated through the

Figure 6 Star map and the identified result.
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Table 1 The identified result of the star map

Coordinates position of the star (pixels)

No.
x y
1 79.19565 301.7416
2 135.7851 77.96691
3 469.5401 135.0509
4 314.5726 115.6011
5 31.42671 467.1654
6 221.9541 28.40661
7 345.5889 314.4315
8 345.8454 114.7738
9 280.1721 307.6164
10 185.5078 493.9099

method based on the stellar angular distance and the abso-
lute conic. Meanwhile, in order to further improve the ac-
curacy of calibration, during the calculation of intrinsic pa-
rameter, the result was optimized through “bundle adjust-
ment” and the result is shown in Table 2 in which the results
of calibration obtained from ICSAC method and two-step
method [17] (using 11cooperative mark points from differ-
ent surfaces) and the root mean square error (RMS) value
are listed. Where, the RMS value of ICSAC is the RMS
value measured by pixels transformed from the RMS value
measured by radian according to the ratio of the angular
travel error (the absolute value of the difference between the
stellar angular distance calculated by using the calibration
parameter and the stellar angular distance in the ephemeris).
While the RMS value of the two-step method is a little bit
larger than that of ICSAC, for there is coupling between the
intrinsic and external parameters during the process of the
two-step method and the estimated error of gesture and dis-
placement would count in intrinsic parameter estimation.

5.2 Experiment of static datum conversion method

As the theodolite could not get the true value of the azimuth
and elevation angle of the measured target due to theodolite
platform shaking, the verification of accuracy could not be
achieved. However, the correction accuracy is mainly in-
fluenced by the gesture shaking quantity (rotation matrix) of
the theodolite platform coordinate system relative to the

Table 2 Result of calibration experiment

Intrinsic parameter ICSAC Two-step calibration method
Xo (pixels) 492.93 413.77
Yo (pixels) 509.26 532.61
f(mm) 51.6582 50.6559
RMS (pixels) 0.04 0.1239
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geodetic coordinate system at any time, and from eq. (31), it
can be proved that the measurement accuracy and correction
accuracy of gesture shaking quantity of the theodolite plat-
form are at the same magnitude. Therefore, in this section,
the measurement error of the three-axis gesture shaking
angle is used as evaluation criteria and the specific experi-
ment scheme is shown in Figure 7. The total station simu-
lates the theodolite platform under practical conditions, with
the camera and the eyepiece lens barrel fixed together and
the transformational relation known, cooperative marks (9
infrared marker lights) fixed on the ground as the static da-
tum; the distance between the total station and static datum
is 15 m.

Taking the average value of the rotation matrix calculat-
ed from the first 10 images as the measured value [9] of the
initial state of the total station, the variation of the three-axis
gesture angle of the total station at any time relative to the
initial state was calculated and the measurement error was
defined as the difference between the measured value of the
system and the measured data of the total station.

The choice of camera exposure time would have great
impact on the measurement result. Therefore, under the
condition of clear imaging, the shorter the camera exposure
time, the higher the measurement accuracy. A research in-
dicates that under normal working conditions, multi-level
resonance could take place within the vehicle-mounted the-
odolite platform, but the high frequency 8-10 Hz compo-
nent vibration is the strongest, that is, master vibration
modal. Therefore, the requirement of the experiment would
be fulfilled by setting the camera exposure time as 50 ms in
the experiment.

The three-axis gesture variation of the camera measured
in different rotation positions in the experiment is given in
Figure 8(a). AAx, AAy and AAz represent pitching, yaw and
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Figure 7 Schematic diagram of the experiment of static datum conver-
sion method.
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Figure 8 Data presentation of the measurement result of the experiment.

rotation respectively. While the real time measurement error
of different stably measured positions is given in Figure
8(b). According to the statistics, the standard error of errors
in the figure is 1.9”, 1.5", 1.7".

6 Conclusions

A correction method of non-landing measuring of the the-
odolite based on static datum conversion is proposed in this
paper, mainly related to two key techniques, the intrinsic
calibration and the static datum conversion. The independ-
ent intrinsic parameter calibration method based on the
stellar angular distance and absolute conic could achieve
decoupling calibration of intrinsic and external parameters
and increase the accuracy of intrinsic parameter calibration.
As to the issue that the preparation work of the theodolite
before practical outdoor measurement tasks cost time and
could hardly fulfill the accuracy requirement, a correction
method based on static datum conversion is proposed in this
paper, which could achieve higher measurement accuracy
under the same hardware condition and reduce hardware
cost enormously under the same requirement of measure-
ment accuracy. According to the research in the paper, the
following main conclusions could be achieved.

1) From the comparison of the results in Table 2, the ac-
curacy of the camera intrinsic parameter calibration method
based on stellar angular distance has been improved appar-
ently compared with that of two-step method. The primary
cause of this is that the method in the paper would not be
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impacted by the evaluation error of external parameter, but
in the two-step method, the evaluation error of the external
parameter would result in the increase of the intrinsic pa-
rameter calibration due to the coupling of intrinsic and ex-
ternal parameters.

2) The theoretical derivation and simulation verification
in Section 3.2 prove that the correction method of non-
landing measurement of the vehicle-mounted theodolite
based on static datum conversion could allow certain cam-
era installation error. When the shaking range of the theod-
olite platform is below 30 min of arc, this method could
weaken the gesture measurement error caused by installa-
tion to a large extent mainly because when AR —1I,

AR, AR.AR.' ~ AR AR, AR

. » thus eliminating the im-
pact of installation error.

3) The static datum conversion experiment indicates that
under the condition of a 15-m distance between the camera
and the static datum, the 3o accuracy of the correction method
of non-landing measurement of the vehicle- mounted the-
odolite proposed in the paper would exceed 10 s of arc. The
error mainly comes from the intrinsic parameter calibration
error of the camera, point extraction noise, CCD back-
ground noise, camera exposure time, etc. Moreover, the
accuracy of this method is related to the proportion of the
static datum on the imaging surface. The larger the propor-
tion is, the higher the measurement accuracy will be. Ref. [8]
gives out the concrete mathematical derivation.

However, while adopting the method in the paper, certain
environmental requirement has to be fulfilled. If the tem-
perature is too high or atmospheric disturbance is too severe,
it could result in the deviation from the appropriate position
of imaging points of static datum and the increase in point
extraction error, the accuracy of final gesture calculating
would be impacted. Therefore, the problem that needs fo-
cused research and resolution next is how to enhance the
adaptive captivity of the method under severe environment.

The method proposed in the paper could be applied to and
promoted in the field of shaking measurement of various un-
stable platforms and tiny structure transformation and, in prin-
ciple, could also be used in solving the problem concerning
observation area alignment caused by environment and tem-
perature variation during earth observation from outer space.
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