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Abstract—Electro-optical detection systems should be
calibrated prior to use, a commonly used method with an
autocollimator and a high precision turntable may introduce
large error in the calibration process. This paper analyzed the
calibration process, and showed that the nature of the problem
was attributed to the plane rotation around a non-orthogonal
axis. The mirror’s non-orthogonal rotation was divided into
position rotation and mirror spinning, and the effects on
autocollimator readout were obtained. Simulation results
demonstrated that the coupling effects on elevation and azimuth
become serious as the inclined angle and rotated angle increase.
It is therefore necessary to separate the coupling error in the
calibration process, which would provide more accurate data for
further compensation.

Keywords—coupling analysis; calibration process; rotation;
quaternion; EODS

I. INTRODUCTION

Electro-optical detection systems (EODSs) are widely used
to collect targets’ location information in scientific, military
and commercial applications, they can be installed on vehicles,
ships, aircrafts and spacecraft [1-2]. In some important
applications, the pointing accuracy of line of sight (LOS) is
vital to EODS in case of precise location, however, it is often
affected by various error sources such as axial misalignments,
nonperpendicularity, etc. It is thus necessary to determine and
compensate for the pointing errors [3]. Autocollimator and
turntable are often utilized to calibrate EODS. Sometimes, a
laser tracker could also be used to measure the rotated angle of
EODS without turntable. As shown in Fig.1, a two axial EODS
is placed on a high precision turntable, a plane mirror is fixed
on the inner gimbal of the EODS. The high precision turntable
is used to provide reference angle of rotation, EODS will rotate
the same angle in the opposite direction, and the bias will be
presented by the autocollimator readouts. Assume the
autocollimator readout is zero at initial position where
respective azimuth axes are perpendicular to the vertical
direction, and elevation axes are parallel to the vertical
direction, then the turntable rotates 8,4 and 6,5 around its
azimuth axis and elevation axis, respectively. The EODS
rotates 0p4and Bpg around its azimuth axis and elevation axis.
We define the autocollimator readouts are respective AA and
AE in horizontal and vertical directions. Ideally, there should
be:
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{AA = —GTA + GPA (1)
AE = _eTE + ePE

But it can be shown there are significant errors in the above
angle relationships, which is the main problem to be discussed
in this paper.
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Fig. 1. Calibration system of EODS

II.  ERROR SAUCE ANALYSIS

In Fig.1, if 6pg =0 and B = 0, it is easy to obtain
AA = —0Opp + Op,, similarly, if 8p, = 0 and 87, = 0, then
AE = —Org + 0pg . In this case, the rotation axis is
perpendicular to the normal axis of plane mirror, we define the
rotation as ‘mirror rotation’. In case of Opg # 0 and O # 0, if
AE =0, the incident light from autocollimator is still
perpendicular to the plane mirror, we define ABy = —01p +
Opa, then the mirror will rotates A8, around a non-orthogonal
axis which has an inclined angle 8pg with the vertical axis. In
the worst case, Bpg = 90°, the mirror rotates around its normal
axis, which would have no effect on the autocollimator
readouts. In this case, we define the rotation as ‘mirror
spinning’. If 0 < |8pg| < 90°, it is apparent that the rotation
around the azimuth axis of the EODS can be divided into
mirror rotation and mirror spinning. As a result, the readouts
from the autocollimator will couple between azimuth and
elevation biases.



III. ROTATION DECOMPOSITION

The mirror rotation is attributed to plane rotation around a
non-orthogonal axis. As shown in Fig. 2, plane Q,rotates 20
(0° <126 < 90°) around OP to Q,, the projection of OP in
Qs the vertical axis, and their inclined angle is a. If Q) rotates
around the vertical axis, the reflected light spot will move in
the horizontal direction. If it rotates around OP, the light spot
will deviate from the horizontal direction.
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Fig. 2. Plane rotation diagram

As demonstrated in Fig. 3, plane OPC; L Q,, plane OPC, L
Q,, ODl, ODZ and OD3 are normal vectors onl, Q,, an and plane
C OCZ, respectively. QCl 1 OQ QCZ 1 OQ PCl 1 OCl, PCZ
OCZ, £C4QC, = 26, £POC; = £POC, = a. It is apparent that

the inclined angle between ();and plane C;0C, is the same as
that between plane C;0C, and Q,, Wl which we define as 6, it is

also the inclined angle between OD1 and 0D3 Let £C,0C, =
2y, then the rotation process can be decomposed into three
steps:

e (), rotates § around OC, to plane C;0C,;
e Plane C;0C, spins 2y around ODs;
e Plane C,0C, rotates § around OC, to (2,.

Fig. 3. Plane rotation decomposition

We define plane POC; as the plane XOZ, OP as the OZ,
and establish the coordinate system as shown in Fig. 4.
Quaternions represented by just four scalars can be used to
speed up calculations involving rotations, in contrast to a 3x3
rotation matrix which has nine scalar entries [4-6].

A quaternion is defined as follows, and the detailed
information is presented in reference [5].

Q=ai+bj+ck+q 2)

where a, b, cand q, are the real numbers, and i,j and k are
the imaginary units which obey the following multiplication

rules:
{i2=j2=k2=—1
ij=—ji=k
ki=—-ik=j ®
jk=—kj=1i

Let g = ai + bj + ck, equation (2) can be rewritten as:
Q=qo+q “

where q, denotes the scalar part, and q denotes the vector part.

A vector Ry rotates 20 around n (n is the unit vector) to
R,’, and the resulting vector can be computed through rotation
transformation as shown in (5).

= QR,Q" (6))

where Q is the rotation quaternion, and Q = cos6 +
nsin 6, Q" = cos® —nsin O is the conjugate of Q.
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Fig. 4. Angle solving diagram
From Fig. 4, O—Clrotates 26 around OP to O—Cz, thus it has:
0C; = Q020G Q" (6)

where Q,, = cos 6 + ksin8. As OD; and OD; are normal
vectors of (1, and plane C; 0C,, then it has:

{O—D1 1 0—(31,0—])1 € plane XOZ )
0D, 1 0C,,0D; L 0C,
Combined (6) and (7), it can be obtained:
28 = 2 sin~1 ( sin 6 cos a )
{ - V1-sin? 0 sin? « (8)
2y = 2sin"(sin 8 sin a)

IV. READOUTS COUPLING ANALYSIS

Based on the three steps’ decomposition above, in the first
step, the mirror rotates § around the vertical axis, then the
autocollimator readouts in horizontal and vertical directions are
respective AA; and AE;:

AAI = 6
{AE1 —0 ©)

In the second step, the mirror spins 2y around OD;, the
autocollimator readouts both in horizontal and vertical
directions remain the same. In the third step, the mirror rotates

6 around OC,, not the vertical axis, and the readouts in two
directions are given in (10):

{AA2 = %tan‘l(tan 268 cos 2y)
(10)

AE, = %tan_l(tan 268 sin 2y)

In hence, the effect of the non-orthogonal rotation of
azimuth is given in (11):

{AA =AA +AA, =6+ %tan‘l(tan 28 cos 2y)
an

AE = AE; + AE, = ~tan™"(tan 28 sin 2y)

If there is a tiny deviation of AB; before azimuth rotation, it
will not affect azimuth readout, and the elevation readout can
be rewritten as:

AE = AE, + AE, + AE, =~

T2

tan~1(tan 28 sin 2y) + A8y (12)

V. SIMULATION RESULTS

Assume the rotated angle 20 of EODS is -20°~20°, the
inclined angle a is -60°~60°. Combined with Fig.1, it means
ABp = (=074 +0p,) = 20 € [-20°,20°] and O7p = Bpp =
a € [—60°,60°]. Ideally, the autocollimator readouts satisfy:

AA = _GTA + GPA
{AE =0 (13)

However, according to equation (11), the effects on
azimuth and elevation readouts are different from (13). As
presented in Fig. 5, the azimuth readout of autocollimator
changes as the rotated angle and inclined angle increase. At the
same time, elevation readouts are no longer zero. And the
coupling effect on elevation is presented on the right in Fig. 5.
Fig. 6 denotes the bias between ideal azimuth readout of the
autocollimator and simulated readout, which indicate that the
rotation effect for the azimuth becomes serious as 6 and o
increase. In the worst case, if a = 90°, the simulated readout is
zero, it only has mirror spinning. In addition, it should be noted
that if AB, is minute, which means 20 is minute, equations
(11) and (12) can be simplified as:

AA = AB4 cosa
{AE — 20, (14)
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Fig. 6. Rotation error of azimuth

VI. CONCLUSIONS

Concerning the commonly used calibration method with
an autocollimator and a high precision turntable for EODS,
this paper established a mathematical model about the
coupling problem in the rotation process. The rotation
process which introduced rotation deviation and coupling
problem was decomposed into three steps, and the effects on
azimuth and elevation were obtained by means of
quaternions. The simulation results demonstrated that the
calibration method would introduce significant error in
pointing accuracy in case of large inclined angle and azimuth
bias. With the relevant equations obtained in this paper, the
rotation effects could be effectively separated, which would
provide more accurate data for further compensation.
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