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A practical vision-based method is proposed to measure single axis rotation angles. Compared with
existing angle measurement methods, the proposed method is more practical because of the simple equip-
ment required and an easy installation. Furthermore, unlike most existing methods, the proposed
method does not require the rotation axis information at all. The information is calibrated by two-view
geometry of the single axis motion. Then, on the basis of the calibration results, an angle estimation
algorithm with point matching is proposed. Experiments on synthetic and real images show that the
proposed method is robust with respect to image noises and occlusion. A measurement accuracy of less
than 0.1° is obtained in real experiments only using a provided camera and a normal printed checkboard.
Moreover, a single axis rotation angle measurement MATLAB toolbox is developed, which is available

online (http:/quanquan.buaa.edu.cn/Anglemeasurementtoolbox.html). © 2015 Optical Society of

America
OCIS codes:
(330.7325) Visual optics, metrology.
http://dx.doi.org/10.1364/A0.54.000425

1. Introduction

Measuring angles of a rotation device is a regular
and important activity in various engineering
fields. Existing rotation angle measurement meth-
ods are mainly classified into three categories:
mechanical methods, electromagnetic methods, and
optical methods. Mechanical methods use a multi-
gear disk on the rotation axis to measure angles
[1]. Electromagnetic methods adopt electromagnetic
angle indexing technologies to obtain angles. Optical
methods have a great variety, including the fiber
method [2], the optical internationalization method

1559-128X/15/030425-11$15.00/0
© 2015 Optical Society of America

(150.1488) Calibration; (150.1135) Algorithms; (350.4600) Optical engineering;

[3], the laser interference method [4], the ring laser
method [5], the vision-based angle measurement
method [6,7], and so forth. These three types of meth-
ods have different characters and are suitable for
different applications.

In industrial areas, it is very necessary to test and
correct mounted angle measurement sensors, and
sometimes this work should be done in working field.
To achieve this requires measuring rotation angles
with simple equipment that is easy to carry and
install. Generally, it is not allowed to dismantle rota-
tion devices for convenience, and in most situations
the rotation axis is invisible or difficult to obtain ac-
curately. For instance, aircraft maintainers are often
required to test and correct angle measurement sen-
sors of aircraft rudders, as shown in Fig. 1, without
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Fig. 1. Aircraft tail with elevating rudder and yaw rudder.

dismantling the rudders when working in the field.
These constraints make most of the existing methods
somewhat inapplicable or inconvenient. Mechanical
methods require modifying the original structure of
the rotation devices, while electromagnetic methods
need prior calibration and complex installation.
Optical methods excluding the vision-based method
often rely on some special and expensive equipment
such as lasers, prisms, or gratings, which are also dif-
ficult to install. These motivate us to propose a prac-
tical and convenient rotation angle measurement
method.

The vision-based method is very suitable for the
above situation due to its noncontact nature and
briefness. However, as far as the authors know,
existing vision-based methods are inapplicable when
no rotation axis information is available. In [6], in or-
der to obtain rotation angles, the proposed method is
confined to the case where the camera optical axis
and the rotation axis are both vertical to the refer-
ence target plane. In [7], the proposed method re-
quires information about the image position of the
intersection point of the target and the rotation axis.

A feasible way to obtain rotation axis information
is to estimate it from a rotation image sequence by
analyzing properties of the single axis rotation. This
is a special case of the general camera motion, which
is estimated by two distinct approaches including op-
tical flow methods and feature-based methods [8].
Optical flow methods recover three-dimensional
(3D) camera motions by analyzing the instantaneous
changes in brightness values of the image sequence.
Researchers have paid a lot of attention to estimat-
ing the camera motion from optical flow. Park et al.
[9] proposed a novel method to estimate camera
motion parameters from the linear composition of
several optical flow models. In [10,11], gradient-
based optical flow algorithms were improved by
using perspective information. Zhang et al. [12] pro-
posed a relatively accurate and robust direct method
for estimating the 3D camera motion without calcu-
lating the optical flow beforehand. In [13], the nor-
mal flow of an image sequence was introduced to
reduce the time consumption. Optical flow methods
have been widely used in natural scenes and are very
suitable for multi-rigid-body motions. However,
these methods always assume small camera motions
and are rather sensitive to illumination. In contrast,
feature-based methods with targets are much more
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robust and accurate. Therefore, in order to achieve
robust results with high accuracy, the single axis
motion is estimated by feature-based methods. Lots
of such methods [14-17] have been developed to
calibrate camera motions with different kinds of
targets. In the proposed method, the most commonly
used camera motion estimation method in [17] is
adopted with a plane target (a checkboard or a spot
array). Based on the rotation axis information esti-
mated from the camera motion, rotation angles are
estimated.

Consequently, a two-step angle measurement
method is proposed including the calibration of sin-
gle axis motion and the rotation angle measurement.
The key idea of the first step is to obtain the relative
poses between the rotation axis and the camera by
calibration. Then in the second step, more effort is
focused on how to improve the accuracy and robust-
ness during the measurement.

The calibration of single axis motion is achieved by
using a conic model to fit the trajectory of a feature
point in many mature 3D object reconstruction sys-
tems [18,19]. However, the conic fitting is extremely
sensitive to noises especially in the case where the
trajectory is only generated by small-angle rotations
such as in aircraft rudder angle measurement. Even
if 80-100 deg of an arc of a 3D trajectory is captured,
its description as a curve is very unreliable for com-
puting parameters [20]. Therefore, the single axis
motion is calibrated through two-view geometry
[21]. Although it is common in 3D reconstruction,
as far as the authors know, few papers deal with
the rotation angle measurement problem with a
plane target using two-view geometry. Finally, in
order to refine calibration results, the bundle adjust-
ment is further employed.

Based on the calibration information, a robust and
accurate angle measurement algorithm with point
matching is proposed. Combining the calibration re-
sults, the algorithm can remove matching ambigu-
ities caused by occlusion. Thus, the proposed
method is applicable in occlusion situations. More-
over, thanks to the point detection algorithm of
checkboard [22], the calibration and measurement
are auto completed with satisfying speed and
robustness.

The contribution of this paper is providing a prac-
tical rotation angle measurement method and a
MATLAB toolbox online. It is mainly used to test
and correct angle measurement sensors. The practi-
cality lies in three aspects: (i) simple equipment,
namely only a camera with fixed focal length and
a plane target; (ii) no special installation and rotation
axis information requirements; and (iii) robustness
with respect to image noises and occlusion.

The remainder of this paper is organized as fol-
lows: Section 2 describes some preliminaries includ-
ing the coordinate transformation and the nonlinear
pinhole camera model. In Section 3, the two-view
geometry of single axis motion is stated as a theorem.
In Section 4, the calibration and angle measurement



method are presented. Simulations and real experi-
ments are given in Section 5. Section 6 concludes the
paper with a short summary.

In this paper, the following notations are used. Z7
denotes the set of positive integers less than n; R" is a
Euclidean space of dimension n. |-| denotes the
absolute value of a real number. || - || denotes the
Euclidean vector norm or induced matrix norm. I,
is the identity matrix of order n. 0, ,,, denotes a zero
vector or a zero matrix with dimension n; x ny. M1
denotes the inverse matrix of a square matrix M. The
symbol [],:R? — R3*3 is defined as

Uy 0 -v, v
|: vy :| =|lv, 0 -vu]. 1)
v, Ay -v, v, O

The cross product of two vectors vy, vy € R? is de-
noted as vy x vy = [v1]xV9. The element of a matrix
S at the ith row and jth column is denoted as S; ;.
The symbol vec(S) is the column vector obtained
by stacking the second column of S under the first,
and then the third, and so on.

2. Preliminaries

In this section, preliminaries of the proposed vision-
based measurement method are introduced, includ-
ing the coordinate transformation and the nonlinear
camera model.

A. Coordinate Transformation

The rigid transformation between different coordi-
nate systems is expressed by a rotation matrix and
a translation vector. In this paper, the rotation
matrix and translation vector from Oy-xpy,z, to
O,x,y,2, are denoted as R, and T, and
[Ryp, Typ] is called the transformation matrix of the
two coordinate systems.

Theorem 1. The rotation matrix and the transla-
tion vector have the following properties: (i) T, is the
coordinate of O, in 0,-X,Y,Z,; (i) R, =RI,
Ty, = —Rp,T4p; and (iii) for three coordinate systems
0,-X,Y,Z,, Oy-XyYpZy, and O,-X .Y . Z., the relation
among their rotation matrices and translation
vectors is

Rbc = RbaRacs

Tbc = Rba(Tac - Tab)' (2)

B. Nonlinear Camera Model

A linear pinhole camera model performs the transfor-
mation from P in O0,-X,,Y,,Z,, to the camera coordi-
nate system O.-X_.Y .Z,, then to the image points p in
0;-X,Y;, as shown in Fig. 2. The relation between a
world point (x,.¥,.2,)7 and its corresponding
normal image point (x,,y,)T is written as

Xw
Xn
/1|:yn:| = [Rcvacw] .;/w ’ 3)
1 1

0 A PEenez)

Fig. 2. Linear pinhole camera model. Four coordinate systems
are involved: (i) the world coordinate system O,,-X,, Y, Z,; (ii) the
camera coordinate system O,-X_.Y.Z; (iii) the image coordinate
system O;-X;Y;; and (iv) the pixel coordinate system O,-uv. The
coordinate of O; is (ug.vg) in O,-uv.

where A is a scale factor and [R,,,,T,,] is the trans-
formation matrix from O,-X,,Y,Z, to O.-X_.Y Z,.
In fact, the camera model does not strictly satisfy
the pinhole imaging model. There exist radial and
tangential distortions. For higher accuracy, a widely
used distortion model [17] is adopted in this paper. In
order to compensate for the deviation, the real
normalized image point (x,.,y,)? is approximately
obtained from (x,,.,v,)” by the following formulas:

{x;l = kX, + 2ksx,y, + ky(r® + 2x2) )
Y = Kyn + 2kg2,y, + Ry(r® + 2y7)°

where x = 1+ kir? + kor* + ksr®, r2 = x2 +y2, and

k1, ko, ks, k4, ks are distortion parameters. Then,
the real image point (z,v)? is obtained from

u X,
H :KM, ®
1 1

ay 0 Ug
K= |: 0 (Zy UO:|, (6)
0 0 1

and

where a, and a, are the scale factors in image u and v
axes; (ug,vo)T are the coordinates of the princi-
pal point.

For convenience of description, the image point is
written as functions of involved parameters:

u qu(piancw9Tcw9xwvyw7Zw) (7)
v = fv(pin’RcwaTcwvxw’yvaw) '
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where the intrinsic parameter
(axa ayv uO’ UO? klv k2s k37 k47 k5)T'

vector p;, =

3. Two-View Geometry of Single Axis Motion

A single axis motion consists of a set of relative
motions between the scene and the camera, which
is described by rotations around a single axis. There
are many cases of this motion commonly occurring in
computer vision applications. The most common, and
the one that is used here, is the case of a static
camera viewing an object rotating around a single
axis. The two-view geometry of this case describes
the specific geometry relations of the camera, the
scene, and the single axis in two camera views. This
geometry is stated as the following theorem.
Theorem 2. As shown in Fig. 3, the origin point O,
of 0,-X,Y,Z, is on the X, axis of O,-X.Y.Z,., and
0,-X,YyZ, is obtained by rotating O,-X,Y . Z,
around the Z, axis by a rotation angle 6(0 # 0). If
the coordinate of O, in 0.-X,Y.Z, is (t,0,0)7, then

1
t sin 6

where E =Ty, ]«Rp, and R, =
ry,ro,rs € R°.

Proof. See Appendix A.

Next it will be seen that R,,., t and 0 are determined
uniquely by E. Since [ry]L = —[rs],, it follows that

0
= —[ry]« + tan 5 (rorf + rsrl), (8)

[r1.72.73],

(E" - E) = 2[ry)..

t sin 0
Furthermore, since ||rs|| = 1, then
rp =%, (9)
llvs |l
e sl
u=tsin 6 = 9 (10)

where v; = (S39,513,521)7 and S = ET - E. From
Eq. (8), the following equation holds:

1 0
(;E + [r2]x)r1 = tan §(r2r3T + r3rg)r1.

Consequently, (LE +[ro])ry =0 for rir; =0 and

rIr; = 0. This implies that r; is the solution of

Fig. 3. Two-view geometry of single axis motion.
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1
(E + [rg]x)x =0, subject to ||x|| =1, (11)
u

which is the unit singular vector of LE + [ry], corre-
sponding to the smallest singular value. With ry, ry in
hand, R,. = [ry,7r9,71 X 9] is obtained. Let us revisit
Eq. (8). The rotation angle 6 is obtained as

T
0 = 2 arctan (::Ti)

where A = vec(r2r3 +rgrl) and B = vec(lE + [roy).
Finally, since 6 is not zero, ¢ is determined by

(12)

U
= . 1
t sin 6 (13)

The aforementioned description is summarized as
the following theorem.

Theorem 3. Suppose that the conditions of Result
lhold and R,, = [r{.7r9,71 x r9]. Then, ry, re, t and 6 in
Eq. (8) are obtained according to Egs. (9), (11), (13),
and (12), respectively.

4. Process of Angle Measurement

In this section, a practical method to measure rota-
tion angles is proposed. First, the angle measure-
ment problem is formulated in Section 4.A. Then
two steps of the proposed method are presented in
Sections 4.B and 4.C. In the first step, required infor-
mation including camera intrinsic parameters and
relative pose information is calibrated from a rota-
tion image sequence. In the second step, based on
the calibration results, an angle estimation algo-
rithm with point matching is proposed to remove
the matching ambiguity caused by occlusion. Figure 4
describes the process of angle measurement.

Stepl: Calibration of single axis motion

N 3 General P, .
N camera in > Two view
calibration | [R,,7,] | gcometry
Rotation
sequence Pins Pou> 6,
Bundle
adjustment
Pins P,
Step2: Angle measurement e
v v
- - "
Point matching | g Nonlincar 2]
-~ and angle - T
. ; optimization
estimation
The image of
a certain angle

Fig. 4. Process of the proposed rotation angle measurement
method. Details of step 1 and step 2 are described in Sections 4.B
and 4.C, respectively.



A. Problem Formulation

The world coordinate system is established as in
Fig. 5, where the rotation axis is aligned with the
Z,, axis. The reference target coordinate system is de-
noted as O,-X,Y,Z, with the world coordinate of its
origin point O, being T, = (¢,0,0)7, t > 0. All target
points are in the X,0,Y, plane, that is, the target co-
ordinates of all these points are in the form of
(1.5, 0)T. Furthermore, if (x,(0),y,(6),2,0)T is
the world coordinate of a target point (x;,y,, 0)” with
respect to a rotation angle 6, then it has the following

form:
%, (0) cosd —-sinfd 0 X,
Y@ | =] sinfd cosd O (th|: ytj| + th>,
2, (0) 0 0 1 0

Let [R,,.T,,] denote the transformation matrix from
0,X,Y,Z, to the camera coordinate system
0.-X.Y.Z.. Then, according to Egs. (7), the image
point is written as

u £ gu(pinvpoutv 0, xtvyt)

:fu(piancwvTcwvxw(e)vyw(e)»zw(g))’ (14)
A

U = 8y(PinsPout» 0: %4, 3¢
:fv(piniRcwvTcwvxw(g)ﬂyw(g)azw(e))' (15)

Here, the extrinsic parameter vector p,,; € R has
the following form:

((vrot)T (Urot)T t Tcw)T

where v, € R? and v?%, € R? are Rodrigues’s vectors
[23] corresponding to R,; and R, .

The calibration of single axis motion in Section 4.B
aims to obtain the estimation of p;, and p,,; from a
rotation image sequence, while the second step in
Section 4.C estimates the rotation angle 0 of a certain

image.

Pout =

B. Calibration of Single Axis Motion

In this section, a method based on two-view geometry
is proposed to estimate p;, and p,,; from a rotation

The image
plane

rotation
axis

The reference
plane target

The plane target
with rotation
angle 0

Fig. 5. Projection model of the single axis motion. The rotation
axis is aligned with the Z,, axis. 0,-X,Y;Z, is obtained by rotating
the reference target coordinate system O;-X,Y,Z; by 6.

image sequence. The image sequence consists of a
reference image and m images taken with respect
to different rotation angles 6,,i = 1,---,m. In order
to correspond detected interesting points and target
points easily, all interesting points in the image se-
quence should be detected out; that is, these images
for calibration must be taken without occlusion.

The calibration of single axis motion is a special
case of general camera calibration, on which many
algorithms have been proposed [14-17]. Carrying
out a general camera calibration on the image
sequence, we obtain the intrinsic parameter vector
pin and extrinsic parameters of the image sequence,
denoted as [R,:,T,], i=0,1,---,m, respectively.
Here [R,p,T,p] is the transformation matrix from
the reference target coordinate system O;-X,Y,Z,
to0.-X.Y .Z.,and [R,, T,,]is the transformation ma-
trix from the target coordinate system with respect to
rotation angle 6, to O.-X_.Y .Z.. Based on this infor-
mation and the two-view geometry of single axis
motion, extrinsic parameters including p,,; and rota-
tion angles 64,---,0,, are estimated. The details are
given as follows.

1. Extrinsic Parameters Estimation

According to Theorem 1 (ii) and (iii), the transforma-
tion matrix [R,0, Tin] from the ith target to the refer-
ence target is calculated by

thto = R Rcto and Tt’to = R (Tcto Tcti). (16)
With R, and T, R.,.t and 6; are obtained by
Theorem 3. Furthermore, once R, and ¢ are deter-
mined, [R,,, T,,] is obtained from

Ry =RTR., and T, =RLT.,. + (t0,0)7.

am

2. Bundle Adjustment

Parameters p,u, 61,---,0,, calculated above are re-
fined through the bundle adjustment, which gains
the maximum likelihood estimation of involved
parameters [24]. The optimal estimation of Pin;
Pouts 0;, 1 = 1,2,---,m is obtained by nonlinear min-
imization of the sum of the squared distance between
reprojection points and detected corners. According
to Egs. (14) and (15), for the i th target, the reprojec-
tion point (u’ v, )T_correspondlng to the jth out of n
plane target pomts @).yhT is written as

{ ui = gu(pin»poutv et*x{fvyé) ]
U; ng(pin’poutvgi’x]tvy]t)

Thus, the optimization problem is formulated as

m n
(PiyPlut 0. .03) =arg  min > Y "EY,
pin'poutﬂl“"ﬂm i=0 ]:1
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where EY = (&, - u§)2 + (0. - UQ2 and (ﬁé,ﬁé)T is the
coordinate of the detected corner corresponding to
(uﬁ,vﬁ)T. The nonlinear optimization can be solved
by the Levenberg-Marquardt algorithm [25].

C. Rotation Angle Measurement

In this section, the camera takes an image of the
plane target rotating to a certain position. Unlike
the first step, the plane target can be occluded partly.
An angle estimation algorithm with point matching
is proposed. This algorithm consists of four steps:
possible matching selection, histogram voting, one-
to-one point matching, and nonlinear optimization.
The realization of this algorithm is shown as in
Algorithm 1.

Algorithm 1 Point Matching and Angle Estimation

Input: Calibration results p},, R.,, t, Ry, Ty, target points
(k1) i = 1,2, piws o

detected interesting points (i, 0.).j = 1,2,---,N,, the grid
length d.

Output: Rotation angle 6*.

Initialize: r,, = 0.1d, 7, =1°,H, =0,k =1,---,361.

1. Fori=1ton

2. Forj=1to N,

3. Calculate T';; = Sc(ii,ﬁé,xf,yi);

5. Calculate 6, ;

6. For £ =1 to 361

7. Ifke (gij_fa + 1810-0ij+7a+ 181°)
8. H,=H, +1.

9. end

10. end

11. end

12. end

13. end

14. 0 = (argmax;{H,} - 181)".

15. Forj=1to N,

16. M; = argmin; T}, satisfy 6;; € (0 —7,.0 + 7,) and T} < 7,,.
17. end

18. Nonlinear optimization to refine 6.

1. Possible Matching Selection

Suppose that N, interesting points are detected and
denoted as (&, 9.)F,j=1,2,---,N,. Here 0 < N, < n.
The purpose of this section is to find all possible
matching point pairs in

Q = (@ o)) @y e 7V i e 72y,

The trajectory of a target point is a circle at a plane
parallel to z,, = 0. This property is used to judge
whether an interesting point (z,v)” and a target
point (x;,y;,0)T are matched. Concretely, if (u,v)T
and (x;,y;,0)7 are matched, then the following
equation holds:

X2+ yE =x2 4y, 2, =2y, (18)

where (x,.v,.2,)T is the world coordinate of
(1, .07, and Xy, ¥,.2,)T is the world coordinate
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corresponding to (u,v)”. Since R,,, t, Ry, Ty are
already calibrated, (x,.y,,,2,)7 is obtained from

Xy Xt
|:yw:| = th|:yt:| + ths
2w 0

and (X, ¥,.2,)7 is computed from
= _ T s T, s _
Xy = pryry + tayw =Prale, 2y = 2w,

where Tn = (Xp,Yns 1)Ta P = r;_ur)gﬁ Rcw = [7‘1,7"2,1"3], and
(x,.y,)T is the normalized projection point of
(u,v)T. Here, (x,,y,)T is obtained by solving Eqs. (4)
after (x),,y,)7T is calculated by

Xy, u
1 1

Therefore, for (u,v)T<(x;.y,)T, a computable match-
ing score may be given as

Sc(u,v,%,y;) = \/.?_C%, + 5% - \/xi +y2. (19)
This score implies that a possible correct matching
deserves a zero score. In consideration of noises,
a threshold «t, is selected, which means if
Sc(u,v,x;,y;) <, then (u,v)T and (x;,y,,0)T are
said to be possibly matched. One can set
7,, = 0.1d; here d is the minimum length of different
target points. The set of possible matching point
pairs with respect to this score is written as

Qo = {(@h, 00 @l y)T|Sc(@h, 0, 2k, y1) < T

Generally, not all elements in Q, are correctly
matched. Image noises may introduce wrong match-
ings to it. Moreover, in some cases, such as the case
where two different target points have the same Z,,
components, wrong matchings definitely exist. These
wrong matchings could be removed by analyzing the
distribution of possible rotation angles.

2. Histogram Voting

For every (&, 0,)" < (xi,y))T in Q), the rotation angle
0;; is calculated by

&, cos 0;; —sin6;; 07[ i,
¥o | =|sin6;; cost; 0|y, | (20)
2, 0 0 1|z

where (x},.y!,,2,,) are the world coordinates of
(xl,5%,0)T and &, 7..2,)" are the world coordinates
corresponding to (L?;,ﬁ’;)T. Let © denotes the set of
rotation angles corresponding to elements in Q:

® = {6, € (-180°,180°) (@, 0.) " e (x, y1)T € Qo).
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Fig. 6. Sample histogram H from synthetic data. The rotation
angle of this example is 30°.

Generally, most elements of ® are distributed in the
vicinity of the real rotation angle if sufficient inter-
esting points are detected. Thus, the rotation angle
0 may be estimated roughly by analyzing the distri-
bution of ©. In detail, a histogram H with 361 bins is
built, where the %k th bin H; contains the number of
elements in ®N[(k - 181)" — 7, (k — 181)° + 7,]. Here,
7, 1s a threshold for describing the distribution inter-
val of angles corresponding to correct matchings, and
a suitable value of it is 1°, just as we have done in our
experiment part. A sample histogram H is shown in
Fig. 6. If the calibration results are well estimated,
the histogram has a very narrow peak at the correct
rotation angle 0, that is,

0 = (arg mkax{Hk} - 181)°. (21)

The estimate 0 in Eq. (21) has given a rough rotation
angle. For higher accuracy, the following matching
and nonlinear optimization are required.

3. One-to-One Point Matching

In Qg, an interesting point may match with several
target points. Combining the information of rotatlon
angle ¢, the one-to-one point matching M; of AR
is deﬁned as

M; = arg minSc(i,, o, x},y%), subject to
12
HiJE(G—Ta,6’+Ta) and Tl_jST

If no target point satisfies the constraint, then
M; = 0, which happens when wrong corners are
detected.

4. Nonlinear Optimization

A nonlinear minimization of the sum of the squared
distance between reprojection points (", v/ and
the corresponding detected corners (iz.,0.)" is car-
ried out to refine the rotation angle. The optimization

problem is formulated as

N,
" . _j N2 2
0* = arg mam;:l 8il(@e — uM)® + (@ —vM)7,

where §; = {§ 123}/{;0 It can be solved by the

Levenberg—Marquardt algorithm [25].

5. Experiments

The proposed method is tested on both synthetic data
and real images with the checkboard [16], a specific
plane target widely used in camera calibration. First,
synthetic data is generated to evaluate the measure-
ment error of the proposed method in Section 5.A.
Then, in Section 5.B, real experiments with a printed
checkboard and a Basler camera are carried out on a
turntable to demonstrate the correctness of the
proposed method.

A. Synthetic Data

The simulation is carried out with a virtual camera,
whose image size is 640 pixels x 480 pixels. The
internal parameters of the camera are

a, = 800 pixels, a, = 800 pixels
uo = 322 pixels, vo = 243 pixels
ki1 =0, ky=0,---, k5 =0.

A checkboard with size of 6 x 8 and grid length d =
30 mm is chosen as the plane target. The relative
poses of the reference checkboard, the rotation axis,
and the camera are set as

v = (=0.2917,0.4050, —0.2588)”
v = (-2.2163,1.0434, -0.0574)7

rot
¢t = 200 mm, T.., = (30,540,-440)T mm.

Two thresholds are set as 7,, = 0.1d = 3 mm, 7, = 1°
through the whole simulation. As described in
Section 4.B, the calibration image sequence requires
being taken without occlusion, which occurs when
the target is rotating in the range of (0°,90°) in the
simulation experimental setting. Suppose that m an-
gles are randomly chosen in the interval (0°,90°) to
generate the image sequence for calibration. Gaus-
sian noises with zero mean and a standard deviation
of o are added to projected image points.

The angle measurement error e(deg) is measured
by the maximum absolute value of rotation angle er-
rors. Concretely, 100 test angles uniformly distrib-
uted in (0°,90°) are chosen. Suppose that real test
angles and those estimated by the proposed method

are denoted as fi.05.---. 0500 and p1.B2.- . B100
respectively; then e is defined as
100
e = max(|f; - fil). (22)
1=

The angle measurement error is mainly affected by
two factors: the number of calibration images m and
noise level 6. To measure their effects, for a certain
(m, ), 100 tests are carried out. The angle measure-
ment error with respect to (m, o) is represented by
the mean p, and variance ¥, of measurement errors
obtained by these 100 tests, which are calculated by
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where ¢; is the angle measurement error of the ith
test. Figure 7 shows the error bar of measurement
errors varying with m(1,2,4,6,8,---,40) when
o = 1. As shown in the figure, the measurement error
decreases with the increase of m, and when m > 10,
the reduction rate becomes rather small. Thus in the
following tests, m is set to be 10 to reduce time con-
sumption under the premise of ensuring accuracy.
Figure 8 shows the error bar of measurement errors
varying with ¢(0,0.2,0.4,---,4) when m = 10. The
angle errors increase almost linearly with the in-
crease of the noise level. Even when ¢ = 4, a typical
large noise in practice, the proposed method can gain
correct results, which demonstrates its robustness
against noises.

To show the effectiveness of the proposed method
in precision angle measurement, the proposed
method is tested on synthetic data with o=
0,0.01,0.02,---,0.1 and m = 10. In reality, these
noise levels are reachable [6]. The result is shown
in Fig. 9, which demonstrates the high accuracy with
low noise levels of the proposed method.

B. Real Images

Our real experiments are implemented on a con-
trolled mechanical turntable provided by [26] with
a Basler scA640-120gm/gc camera and a printed
target. A MATLAB angle measurement toolbox is
developed and is available online [27]. The turntable
has a measurement precision of 0.01°, a minimum
rotation angle of 0.09°, and a measurement range
of (-144°,144°). The resolution of the camera is
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0 0.5 1 15 2 25 3 35 4
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Fig. 8. Measurement errors for different noise levels.
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Fig. 9. Measurement errors for different small noise levels.

658 pixels x 492 pixels, and the effective focal length
is about 800 pixels. The plane target we used is a
checkboard with size 6x9 and grid length
d = 30 mm. Two thresholds z,, and 7z, are set as
3 mm and 1°, respectively, in real experiments,
and interesting points are detected by Andreas’s
method [22]. Two different installations, as shown
in Fig. 10, are tested in real experiments.

1. Measurement Range

The theoretical angle measurement range is deter-
mined by whether interesting points could be ex-
tracted from images with respect to angles in the
interval. It changes with respect to the relative poses
of the camera, the plane target, and the rotation axis.
The theoretical ranges of Installation 1 and Installa-
tion 2 are (-90°,90°) and (-180°, 180°), respectively.
However, for Installation 1, the corner detection
would introduce very large noises in some special
camera views, such as shown in Fig. 11. To avoid this,
it is necessary to define a measurement range of a
certain installation. Let d,., and d.,;, denote the

(a) Installation 1

(b) Installation 2

Fig. 10. Two different installations of the camera, the plane tar-
get, and the rotation axis. (a) Installation 1 with measurement
range of (-54°,54°) and (b) Installation 2 with measurement range
of (-180°,180°)



Fig.11. Sample of bad situations. d,,, denotes the longest grid of
the image while d,,;, denotes the shortest one.

longest and the shortest grid in an image, respec-
tively, as shown in Fig. 11. d,;,,, and d,;, can be cal-
culated by pixel coordinates of interesting points. If
dpax > 1.5d,n, then the image is not eligible. Accord-
ing to the principle, a judgement is carried out in the
proposed method before interesting points of an im-
age are used. One can roughly judge whether the in-
stallation is suitable by testing if images with respect
to the smallest and largest angles are eligible.
According to the above principle, the measurement
range of Installation 1 is roughly set as (-54°,54°)
and that of Installation 2 is set as (-180°,180°).

2. Measurement Accuracy

To obtain the measurement accuracy of the proposed
method, measured rotation angles are compared
with rotation angles given by the turntable. The
angle errors e is written as

e=a;—a, (24)
where «, is the angle given by the turntable, and a,, is
the corresponding calculated angle. Angle errors
of the two installations are shown in Fig. 12. Since
the measurement range of the turntable is
(-144°,144°), only angles in the interval are mea-
sured for Installation 2. As shown, the angle errors
of both installation are pretty close to the angles
given by the turntable. A measurement accuracy of
less than 0.1° is achieved using simple devices.

3.  Execution Time

The computational performance is evaluated on
MATLAB 2012 on a personal computer with Intel
Xeon W3550 processor at 3.07 GHz. The execution
times of calibration, corner detection, and angle es-
timation are measured separately for both installa-
tions. Results are shown in Table 1. The execution
times of calibration for both installations are mea-
sured when m = 16. For Installation 1, the execution
time is the mean time of 61 images without occlusion
in the range (-54°, 54°), while for Installation 2, the
execution time is the mean time of 160 images with-
out occlusion in the range (-144°, 144°). As shown in
Table 1, the performance is acceptable for the
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Fig. 12. Angle errors of two different installations. (a) Angle
errors of 61 images without occlusion in the range (-54°,54°)
for Installation 1; (b) angle errors of 160 images without occlusion
in the range (-144°, 144°) for Installation 2.

Table 1. Estimation Runtime

Step 1 Step 2
Corner Angle
Calibration (s) Detection (s) Estimation (s)
Installation 1 40.85 0.7188 0.0642
Installation 2 30.98 0.5654 0.0659

purpose of testing and correcting angle measurement
sensors in the working field. Moreover, if the code is
programmed in C, the computational time can be
greatly reduced.

4. Measurement Resolution

The minimum resolution angle is the smallest angle
which could be perceived by the proposed method in
theory. It is related to the camera resolution, the rel-
ative poses of the camera with respect to the plane
target, and the accuracy of corner detection, which
makes it difficult to obtain an accurate value of
the minimum resolution. Therefore, instead of deter-
mining the theoretical resolution value, we estimate
it by comparing with the turntable. For Installation
2, we measure the minimum rotation angles of the
turntable using the proposed method. Results are
shown in Table 2. As shown, the proposed method
is able to realize tiny angles; specifically, the

Table 2. Angle Errors of Small Angles for Installation 2

a;(deg) e(deg) a;(deg) e(deg)
0.09 0.008 45.09 -0.019
0.18 0.017 45.18 -0.001
0.27 0.011 45.27 0.004
0.36 0.007 45.36 0.003
0.45 0.002 45.45 -0.006
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Table 3. Angle Errors with Occlusion for Installation 2
a,(deg) e(deg) a;(deg) e(deg)
29.85 0.034 93.76 -0.002
55.72 0.006 —42.88 0.063
78.34 0.010 -68.72 0.044

Point matching

lllll " ",
™ g we
|||||||||||u||||| i

Fig. 13. Point matches in occlusion situations. Even in such a
complex environment, our method works well.

proposed method gains a minimum resolution angle
of less than 0.09°.

5. Occlusions

To demonstrate that the proposed method is suitable
in occlusion situations, images with occlusion are
tested for Installation 2. The angle errors are shown
in Table 3, and the matching results of a certain
image are shown in Fig. 13.

6. Conclusion

This paper proposed a practical method to measure
single axis rotation angles with conveniently acquir-
able equipment, such as a camera and a plane target.
The superiority of the proposed method over existing
angle measurement methods is that it has no special
installation and rotation axis information require-
ments. It is more suitable for testing and correcting
angle measurement sensors rather than as a sensor.
Thanks to the point detection algorithm of the check-
board, the calibration and measurement are auto
completed and pretty robust. The simulations illus-
trate the robustness of the proposed method with
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respect to image noises. Then the real image experi-
ments achieve a measurement accuracy of less
than 0.1° with a camera and a printed checkboard.
Furthermore, the proposed method can be used to
measure angles as tiny as 0.09°. Experiments on im-
ages with occlusion show that the angle estimation
algorithm with point matching works well. Future
works will include the extension to measure three
axis rotations and an angle measurement toolbox
of C++ implementation.

Appendix A

Proof of Theorem 2: According to Theorem 1(i) of the
rotation matrix and the translation vector, [R.,, T ]
is obtained directly by

ch = Rz (Q)Tca’ Rcb = Rz (Q)Rcaa

where
cosf -sinéd O
R,(0)=|sin® cosd O
0 0 1

By applying Theorem 1(iii), the following equations
hold:

R - RacR ( H)Rac’ Tba = Rach (_G)Tca - RacTca-

Putting R, = [r;.79.75] and T,, = (t,0,0)T into the
above equations, one obtains
Ry, = cos OryrT —sin OrorT
+ sin Oryrf + cos Ororl + rark,

Ty, = —t[(1 - cos O)ry + sin Ory).

Noting
r1 x Ry, = —sin Orarl + cos Orsrk —rork,
r9 X Rp, = —cos 9r3r1 - sin 9r3r2 + r1r3

It follows that

[TyolxRpe = —t[(1 — cos O)ry x Ry, + sin Ory x Ry, ]
= —t(cos 0 — 1)(rsr} + rork

+ ¢ sin O(ryrl —rarl).
On the other hand, ry satisfies

[rolx = [r1 x T3« =r1r§—r3rf.

Thus Eq. (8) holds.
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