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Abstract. Camera calibration is a crucial step in photogrammetry and
3D vision applications. In practical scenarios with a long working dis-
tance to cover a wide area, target-based calibration methods become
complicated and inflexible due to site limitations. This paper introduces
a novel camera calibration method using a collimator system, which can
provide a reliable and controllable calibration environment for cameras
with varying working distances. Based on the optical geometry of the
collimator system, we prove that the relative motion between the target
and camera conforms to the spherical motion model, reducing the origi-
nal 6DOF relative motion to 3DOF pure rotation motion. Furthermore, a
closed-form solver for multiple views and a minimal solver for two views
are proposed for camera calibration. The performance of our method
is evaluated in both synthetic and real-world experiments, which verify
the feasibility of calibration using the collimator system and demonstrate
that our method is superior to the state-of-the-art methods. Demo code is
available at https : //github.com/LiangSK98/CollimatorCalibration
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1 Introduction

Geometric camera calibration determines the mapping between 3D rays in space
and 2D image pixels. Various vision applications, such as simultaneous local-
ization and mapping(SLAM) [6], structure from motion(SfM) [32], and pose
estimation |11}[12], rely on camera parameters as inputs. The close-range cali-
bration methods using a planar target represent the prevailing techniques in 3D
vision applications [5,[26}33}/35,/46]. In some special outdoor scenarios, such as
long-range depth estimation [45] and monitoring of wind turbine blades [10], the
cameras achieve a long working distance and a large field of view. The traditional
target-based calibration methods [3}37,46] may face challenges, such as needing
large targets, moving or arranging targets over a wide area, and dealing with
varying and unstable lighting conditions. While constructing a 3D calibration
field can offer precise calibration data [341/40,42|, its operational complexity and
limited adaptability present significant challenges. In addition, the collimator is
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Fig. 1: Diagram of the collimator-based calibration method. From the inherent optical
geometric properties of the collimator, the relative motion between the target and
camera can be proved to conform to the spherical motion model.

commonly used to generate calibration targets |7]. Traditional collimator-based
methods need to measure the direction of collimated rays using a goniometer or
theodolite, which makes the calibration process challenging, and measurement
errors directly impact the accuracy [41][43][44].

In this paper, we design a novel collimator system with a structured cali-
bration pattern on its reticle, and a novel calibration algorithm based on the
collimator images is proposed. Our method only requires the camera to observe
the pattern from our collimator system at a few (at least two) different orien-
tations. Fig. [1] illustrates this method. We briefly analyze the geometric optical
property of the collimator and illustrate the angle invariance of any point pairs
on the pattern. By leveraging angle invariance, we prove that the relative motion
between the calibration target and the camera conforms to a spherical motion
model. This constraint effectively reduces the original 6DOF general motion to
the 3DOF pure rotation motion. Furthermore, we propose a novel calibration
method using the collimator system. Compared with the target-based meth-
ods, more geometric constraints can be derived from the collimator, leading to
higher accuracy. Compared to traditional collimator-based methods, our method
is more flexible as it eliminates the need for direction measurement.

Our primary contributions can be summarized as follows: (1) We propose
a novel camera calibration method using a collimator system. The entire cali-
bration process can be implemented with multiple close-range observations and
does not require the known direction of collimated rays. (2) We prove that the
relative motion between the calibration target and the camera conforms to the
spherical motion model. This constraint effectively reduces the number of mo-
tion parameters to be estimated. (3) A closed-form solver for multiple views
and a minimal solver for two views are proposed based on the spherical motion
constraint. Moreover, the degenerate case of the proposed solvers is proved.

2 Related Work

Camera calibration is a crucial subject in 3D vision and continues to be actively
researched. The literature on camera calibration introduces a wide range of al-
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gorithms and toolboxes [|3}5221/2633//35,/46]. To ensure the highest accuracy for
calibration, targets with known structures are usually used for camera calibra-
tion. Various calibration targets have been proposed, including 3D targets |37|,
2D targets [13}/18] and 1D targets [47]. In some practical applications where no
calibration target is available, the camera calibration can be performed by estab-
lishing the correspondence between images during the movement of the camera,
which is known as self-calibration [8}(9}/16,19/28,/31]. Among these options, the
target-based close-range calibration method is widely used.

In outdoor long-range measurement applications [10,/45|, the camera has a
long working distance to measure the long-distance targets. Thus, the close-
range calibration methods are impractical due to the site limitation. A commonly
employed approach involves constructing a calibration field, which serves as a
known structure for the calibration [21}25,29}/34,/40,/42]. Oniga et al. [29] lay
markers on buildings to calibrate cameras mounted on UAV. Shang et al. [34]
proposed a high-precision calibration method by placing several markers near the
ground. Additionally, Klaus et al. |23] proposed using stars as distant targets to
estimate camera parameters.

The collimator is also commonly used to provide 2D-3D correspondence for
camera calibration in the laboratory [2,/20,41},/44]. Previous collimator-based
methods proposed to use goniometer or theodolite to obtain the direction of
collimated rays and then estimate the camera parameters [41,43|. The collimator-
based method offers both accuracy and flexibility in the limited space, but a
high-precision goniometer or theodolite is expensive. To address this, Yuan et
al. |44] designed a multiple pinhole mask for the collimator to generate the
collimated rays with known directions. However, the accuracy of calibration is
sensitive to machining errors. Bauer et al. [2| proposed a calibration method
using a diffractive optical element (DOE). The angle between the laser beam
and the camera can then be estimated to determine the camera parameters.

3 Collimator System

This section introduces the designed collimator system and shows that the equiv-
alent relative motion between the calibration target and the camera conforms to
a spherical motion model.

3.1 Scheme of Collimator System

The collimator is an optical instrument that can produce collimated rays and
plays an important role when adjusting other optical instruments. A collimator
consists of essential components such as a light source, a reticle, and an optical
lens, as illustrated in Fig. 2] The reticle is a thin glass located on the focal plane
of the collimator. The generation of collimated rays can be regarded as the
inverse process of imaging a target at infinity onto the focal plane. Specifically,
a point on the lens’s focal plane will generate collimated rays, which can be
regarded as the target at infinity. Therefore, cameras with varying focal lengths
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can consistently and accurately observe the target through the collimator at a
close range.

In this paper, we design a collimator system for camera calibration. A star-
based pattern, proposed by Thomas et al. [33], is attached to the reticle of
the collimator as the calibration target. The star-based pattern offers richer
gradient information for improving feature extraction accuracy. Similar to the
plane-based calibration method [35,46], the star-based pattern provides 2D-3D
correspondences for camera calibration. Our collimator system is portable with
a size of about 200mm x 170mm x 300mm. The collimator system is designed
to provide a reliable and controllable calibration environment for some special
scenarios like inappropriate illumination, limited space, and long-range cameras.
However, printed targets face challenges in these scenarios. When calibrating a
camera, we only need to capture the target from multiple orientations through
the lens of the collimator, which is as easy as the printed targets method.

3.2 Spherical Motion Model

In this section, we prove that the rel-
ative motion between the calibration
target and the camera conforms to e Reticle of collimator
the spherical motion model. Firstly,
we briefly analyze the geometric prop-
erty of the collimator. As shown in
Fig.[2] let us note two arbitrary points H
P; and P> on the reticle of the colli-
mator. Rays emitted from P; and P>
pass through the collimator lens, gen-
erating two parallel beams observed
by cameras denoted as C; and Co
with arbitrary poses. The propagation
routes of the two beams are visually
distinguished by red and blue lines in
Fig. 2l Obviously, the angle between
two lines observed by the two cameras
is equal, that is, #; = 0y = 0. We can
obtain a property that the two rays
observed by the cameras always maintain a constant angle, regardless of the
poses of observing cameras. We refer to this property as the angle invariance.
Next, we show that this setup, where a camera moves around a collimator sys-
tem and captures images, is theoretically equivalent to the capture setting where
the camera is fixed, but the images are moving around the camera spherically.
This can be derived from the angle invariance. For convenience in introducing
our derivation process, we treat the camera as a fixed reference coordinate, and
assume that the calibration target moves relative to the camera in space. The
angle invariance allows us to infer that when the target performs a specific mo-
tion in space, the angular distance between any point pair on the target always

Lens of collimator

Fig. 2: Diagram of collimator system. The
geometric property of the collimator system
leads to the angle invariance of any point
pair on the reticle.
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remains constant. The angular distance means the angle between two vectors
from the origin (camera optical center) to two points. By arbitrarily selecting a
pair of points P; and P; on the target and transforming them, we can establish
the following equation

Z(P,Pj) = Z(R(P;+t),R(P; +1)), (1)

where R is rotation matrix and t is translation vector. From the rotation in-
variance [39] that a pair of 3D points are jointly rotated about the origin,
their angular distance remains constant. We have Z (R (P; +t) ,R(P; +t)) =
Z(P;+t,P; +t). Thus, the angle invariance is maintained when the calibra-
tion target is arbitrarily rotated about the origin. To make Z(P;,P;)) = Z(P; +
t,P; 4+ t) hold for any pair of points on the target, the translation vector must
be a 0 vector (t = [0,0,0]7). The proof is given in the supplementary material.
Therefore, the calibration target performs pure rotation motion with respect to
the origin (i.e. camera optical center). Such pure rotational motion is a typical
spherical motion.

The spherical motion can be visualized in Fig. [I} In the spherical motion
model, the calibration target exhibits only rotational motion with a fixed dis-
tance relative to the camera. We establish a local coordinate on the target, where
the 2’-axis aligns with the ray between the camera coordinate system ¢ and cal-
ibration target coordinate system p’. Inspired by [38], the relative pose between
the calibration target and camera can be mathematically represented as

_ RCP' tCP’
T, — (0 & ) @)

where Ry € SO(3), tey = (0,0,—r)T and r is the radius of spherical motion.
We usually establish the origin of the coordinate system p on the upper left corner
of the calibration pattern. Therefore, there is a relative translation t,,, = (x,y,0)
between the coordinate systems p’ and p. Furthermore, the transformation ma-
trix between camera ¢ and calibration target p is expressed as follows:

-1
T = ch’ tcp’ I3><3 tp’p _ Rpc _Rpctcp (3)
pe 013 1 O1x3 1 O1x3 1 ’
where R, = Rzp/ and tep =ty p+tey = (2,9, —r)T. tcp determines the position
of the camera in the calibration target coordinate system. Note that t., is a
fixed value and has nothing to do with the pose of the calibration target. Given

the constraint from the spherical motion, the original 6DOF general motion is
limited to a 3DOF pure rotation motion.

4 Calibration Method

The spherical motion constraint effectively reduces the number of motion pa-
rameters to be estimated. In this section, we show how to calibrate camera
parameters using a set of collimator images. A closed-form solver for multiple
views and a minimal solver for two views are proposed.
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4.1 Geometric Constraints

We use the well-known pinhole model to model cameras. The mapping from a
3D point P = (X,Y, Z)T to an image point p = (u,v)? is computed as

- Jo v Cx
sp=KR|t|]P,with K= | 0 f, ¢, |, (4)
001

where s is an arbitrary scale factor, (R, t) is the camera pose with respect to the
calibration target coordinate, and K is the camera intrinsic matrix. p = [u,v, 1]
and P = [X,Y, Z,1]7 denote the homogeneous coordinate forms of points p and
P, respectively. The intrinsic matrix K consists of five parameters: the focal
length (fs, fy), the principal point (cg,¢,) and skew factor 7.

Without loss of generality, we assume the planar target is on the plane Z = 0
of the world coordinate system. The transformation between the image plane
and calibration target plane can be constrained by a 3 x 3 homography matrix,
denoted as H. For perspective projection, the homography matrix H depends
on the image pose (R, t) and intrinsic matrix K:

H= [hl hQ hg]:AK [I‘l I‘Qt}, (5)

where A is an arbitrary scalar, r; is the i-th columns of R. Given an image of the
calibration target, the homography matrix H can be estimated using the plane
point correspondences. Combining Eq. () and Eq. (f]), we can get
1
M = [r; rz —Rt,,| = XK—1H. (6)

Using the knowledge that R is an orthogonal matrix, we have

1 0 —x
HKTK'H=X|0 1 -y |. (7)

2

—x =y [[tep|

There are 8 parameters to be estimated, 5 for intrinsic matrix and 3 for t,, =
(x,y,—r)T. For each given image, Eq. provides 5 independent constraints.
Theoretically, a minimum of two images can completely solve all unknown pa-
rameters. In the next two subsections, we give a closed-form solver for N(N > 2)
collimator images and a minimal solver for two collimator images.

4.2 Closed-form Solver for Multiple Views

When there are more than two collimator images for calibration, we model the
problem as a linear system and propose a closed-form solution. Suppose that the
homography matrices H;(i = 1,..., N) have been estimated for all images. The
transformations between images i and j can be expressed as

s

—1yy. _ Ning—1
Hj'H, = 3M; M. (8)
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For the matrix M of each image, we can calculate the determinant as

M| = |I'1 ro —thp| = |r1 ry —IT1] — Yra —|—rr3’

(9)

:—m‘rlr2r1|—y‘r1r2r2|+r‘r1r2r3’:7",

where r is a non-zero fixed value. Using the fact that det(Mj_lM,») =1, we

have A;j = Ai/A; = ,3/|H;1Hi|. Then, we choose the image with the most
feature points observed as the base image. For convenience, here the first image
is selected as the base image and we get A\;; = {/ |H;1H1|. By inverting Eq.
of image 7, we get

1 r’4+ a2 oy =

H'KK'H, "= 0 | oy P+ y (10)
@ T y 1

Substitute A; = A;1 A1 into Eq. , we get

T'2+$2 zy x
(Ar)? (ar)? (ar)?
2

1 2
-1 THT — ; - zy  r’+y y
H 'KK'H; %) A, with A ESOE (Alyr)z Ty (11)
(A1) (ar)? (an)?
Let us define a 6-vector a to represent matrix A:
a= (A1, A1z, A1z, Aso, Aog, Asz)”,
where A,,, is the value of m-th row and n-th column of matrix A. Let
sz + fx2 + 72 CzCy + fy'y Cy
W = CaCy + fyy cy2 + fy2 Cy | - (12)

Cx Cy 1
Note that W is a symmetric matrix and can be defined by a 5-vector:
w = (W11, Wia, W13, Wag, W23)T7

where W,,, is the value of m-th row and n-th column of matrix W. Obvi-
ously, Eq. represents a linear system of equations involving the unknowns
[wT,aT]T. Combining Egs. and (12)), we can get the following equations for
each image:

[V =2\ Lsxs ] [:} =b, (13)
with
V= [V117V12,V13,V22,V23}T7
Vin = [Pm1bnt, Bmihng + Bmahnt, Rmihns + Amsha,
hinahn2, hinohns + hmzhna]
b = —[h13h13, hishas, hishss, hashos, hashss]”
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where h,,,, denotes the value of m-th row and n-th column of matrix H™'. Given
N(N > 2) collimator images, we can stack N such equations as Eq. together
in matrix form:

w
D [ a} = b, (14)
where D is a 5N x 11 matrix. The closed-form solution of Eq. is given by
[Z] = (D”D)"'D7b. (15)

Once w and a are estimated, we can calculate all camera intrinsic parameters
and optical center t., by decomposing W and A respectively:

Co = Wiz, ¢y =Was, fy=1/Wa —c?

v = Wiz —cacy)/fy, [fo= VWi —c? =72,
x = Ai3/As3, y= As3/As3,

r=—/(A11/As3) — (A13/As33)2.
Subsequently, the rotation matrix of each image can be calculated with Eq. :

ry = (1/)\)K71h1, ro = (1/)\)K71h2, rs =r; XTIog, (16)

where A = (||K™'hy|| + ||[K~'hy||)/2. Finally, a singular value decomposition
for re-orthogonalizing the rotation matrix R = [ry, 12, r3] is required.

4.3 Minimal Solver for Two Views

When only two collimator images are used for calibration, the rank of the coeffi-
cient matrix in Eq. is determined to be 10. Solving rank-deficient equations
presents a complex challenge. To address this issue, we construct a nonlinear
equation system and propose a novel approach that utilizes the hidden variable
technique [14] to estimate the unknowns in the minimum configuration.

Estimation of W = K~7TK~! is the core of calibration. Note that W is a
symmetric matrix, defined by a 6-vector w = (W11, Wia, Wiz, Wag, Wasz, Wa3)T.
We can extract the following 5 constraints from Eq.

VEW =0 (17)

(Vi1 = vi)w =0 (18)

viw +aviw=0 (19)
VaaW +yviiw =0 (20)
VisW — [[tep[*viiw = 0. (21)

V.nn can be calculated as following:
Vmn :[hlmhln; hlthn + hlntha hlthn + hlnh3m
h2mh2n7 h2mh3n + h2nh3ma h3mh3n]T

7
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where h,,, denotes the value of m-th row and n-th column of matrix H. Given
only 2 collimator images, we can obtain 10 independent equations for 8 un-
knowns. The hidden variable technique [14] is employed to solve the above poly-
nomial equations. Combining Egs. to , we have

(Vis + Vis + Vig)w + evi;w =0, (22)

where ¢ = (z +y — ||tcp|\2). We first select constraints Eqs. , and

to establish a new polynomial equation system. Next, we treat ¢ as a hidden
variable, and the complete set of equations can be expressed in matrix form as

T
Vi2

Cle)w = 0, with C(c) = (vh ~vE) @
(viz 4+ viz +vis) +ovi)

where the coefficient matrix C(c) contains the hidden variable ¢. Two images
provide 6 equations for solving ¢, and C(c) is a 6 x 6 matrix. Since the equation
system C(c)w = 0 must have at least one nontrivial solution for w, the deter-
minant of C(c) is equal to zero. The equation, det(C(c)) = 0, is a polynomial
of degree 2 in terms of ¢, which can be efficiently solved using a straightforward
root-finding algorithm. Substituting the known value of ¢ into the constraint
equations Eqs. , and , we obtain six constraint equations about w.
The least squares method is then employed to solve these linear equations and
compute the optimal w up to scale. Once w is estimated, the intrinsic matrix
K can be calculated using the Cholesky factorization [15].

4.4 Bundle Adjustment

Bundle adjustment jointly refines the camera intrinsic K, lens distortion coef-
ficients d, the rotation matrix of the i-th image R; and camera optical center
tcp. In cases of moderate lens distortion, it is typical to initialize the distortion
coefficient to 0 and estimate them in the bundle adjustment step [36]. Given a
set of N images, each with M corresponding 2D image points, we establish a
cost function aimed at minimizing the re-projection error. The cost function is
expressed as follows:

N M

H%énzzp(||7T(K,daRi7tcp7Pij) *Pij||2)a (24)
L2

where X = (K, d,R;,t.,) is the parameter to be refined. P;; is the j-th 3D
pattern point of é-th image and corresponds to the 2D image point p;;. 7(-)
projects the world points to image according to Eq. . p(+) is the Cauchy cost
function. As is common, we optimize Eq. with the Levenberg-Marquardt
(LM) method [27], which is implemented in some excellent frameworks [1].

Note that the camera optical center is fixed at t., with the spherical mo-
tion constraint. However, for general motion, the camera optical center is free.
Therefore, when calibrating the camera using collimator images, the number of
motion parameters to be refined is reduced from 6N to 3N + 3.
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4.5 Degenerated Configuration

We prove a degenerate configuration where additional images cannot provide
more constraints about the camera intrinsic parameter.

Proposition 1. If the calibration target rotates only around an axis that is
parallel to the z azis and intersects the target plane at (z,y,0)T, the newly added
image cannot provide additional constraints on the camera intrinsic parameters.

Due to space limitations, the proof is provided in the supplementary material.

5 Evaluation and Results

In this section, we first evaluate the robustness and accuracy of the proposed
algorithm on synthetic data. Then, we calibrate the camera and evaluate the
effectiveness of the proposed method using real collimator images.

5.1 Synthetic Data Experiments

In the synthetic data experiment, we evaluate the performance of the proposed
algorithm. We simulate the process of calibrating predefined camera parameters
using synthetic images that conform to the spherical motion model. The pro-
posed is compared with the following algorithms:

e Zhang [46] is a plane-based algorithm and suitable for general 6DOF motion.
e Bouguet [3] is a calibration toolbox and suitable for general 6DOF motion.
Unlike Zhang, Bouguet computes the focal length using the orthogonal vanish-
ing points constraint.

e Hartley [17] is a self-calibration method based on a pure rotating camera,
which is specifically suitable for the 3DOF spherical motion model.

We define a virtual camera with the following parameters: f, = f, = 1000, ¢, =
542, ¢, = 478, = 0.01, radial distortion coeflicients d; = 0.1, ds = —0.2, and the
image size is set to 1080 x 960 pixels. The calibration target is a planar pattern
containing 11 x 8 points, each square size of 30mm x 30mm. The target maintains
a spherical motion with a radius of 700mm relative to the camera. The camera
optical center in the target coordinate system is t., = [150, 105, —700]"mm, and
the camera’s orientation is arbitrary. Given the camera parameters and poses,
the planar target points are projected onto images. Finally, zero-mean Gaussian
noise with o standard deviation is added to 2D image points.

Evaluation of Calibration. In this experiment, we seek to evaluate the
performance of the algorithms in solving camera parameters. For the four al-
gorithms, we perform two steps of solving initial value and bundle adjustment
to obtain camera parameters. Firstly, we compare the performance of the men-
tioned algorithms as the noise level increases. The noise level varies from 0 to
3.0 pixels, and we use 15 images to calibrate the camera. For each noise level,
we conducted 200 trials and calculated the average errors. As shown in Fig.
calibration error increases linearly with the noise level. Compared with the other
three algorithms, ours shows greater robustness to noise. Additionally, at a noise
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Fig. 3: Comparison of calibration errors with increasing noise level.
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Fig. 4: Comparison of calibration errors with the number of images increases.

level of 0.5 pixels, we evaluate the performance with respect to the number of cal-
ibration images. The image count ranged from 3 to 30, with 200 trials conducted
for each quantity. The results are illustrated in Fig. [d] A significant decrease in
error is observed when increasing the number of images from 3 to 5. Both Fig. [3]
and Fig. [ show that our algorithm outperforms other algorithms in robustness
and accuracy. We believe that our algorithm benefits from the consideration of
both spherical motion and planar homography constraints, along with reduc-
ing optimization variables. Due to space limitations, the additional comparison
results of the initial value estimation are shown in the supplementary material.

Sensitivity of imperfect spherical motion. The low-cost collimators ex-
hibit an inferior parallelism, which is reflected in the fact that the relative motion
between the target and camera is not a perfect spherical motion. This experiment
evaluates the sensitivity of initial value estimation with respect to imperfect
spherical motion. We add zeros-mean Gaussian noise with standard deviation
from Omm to 30mm to t., to replicate this imperfection. We use 15 images and
add a noise level of 0.5 pixels to the image points. For each noise level, a total of
independent 500 trials are conducted and the average errors are computed. The
sensitivity analysis results are shown in Fig. [f] Noise has no impact on Bouguet
and Zhang, because they do not rely on the spherical motion constraint. As
the noise increases, calibration errors of Ours and Hartley increase gradually.
Notably, Hartley is significantly influenced by noise, whereas Ours displays su-
perior robustness. Even with noise levels below 15mm (equivalent to 2.143% of
the spherical radius), our algorithm remains superior to the alternatives.
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Fig. 5: Sensitivity analysis of imperfect spherical motion.

Table 1: Comparison of calibration and pose estimation error results (pixels).

Number Zhang |46]  Bouguet [3] Hartley [17] Ours
€calib  €eval €calib  €eval  €calib €eval €calib  €eval
2 0.1842 0.1545 0.1739 0.1518 - - 0.1739 0.1519
5 0.2316 0.1245 0.2202 0.1236 - 0.2577 0.2203 0.1236
10 {0.1923 0.1231 0.1912 0.1232 - 0.1986 0.1951 0.1222
15 0.1775 0.1221 0.1718 0.1232 - 0.1791 0.1779 0.1216
20 |0.1773 0.1225 0.1722 0.1221 - 0.1871 0.1778 0.1207

5.2 Real Images Experiments

In real image experiments, we verify the effectiveness of our collimator system
for calibration and evaluate the performance of the proposed algorithm.

Calibration and Accuracy Evaluation. Following the experimental method-
ology utilized in previous studies |13}/30], we design a pose estimation experiment
to evaluate the accuracy of camera calibration quantitatively. A 8mm camera
captures images from our collimator system and a practical printed pattern. Cal-
ibration is performed using the collimator images and a subset of the printed
pattern images, while the remaining printed pattern images are used to eval-
uate the calibration results. After obtaining the camera parameters from the
calibration images, the pose of each evaluation image can be determined using
absolute pose estimation [24].In our setup, a quarter of the corner points on
the printed pattern are used for pose estimation, and the remaining points are
used for evaluation. By re-projecting the evaluation corner points onto the image
with the camera parameters and the calculated pose, we can evaluate the cali-
bration quality based on the re-projection error. A total of 200 printed pattern
images are used to evaluate the calibration. The calibration uses 2, 5, 10, 15,
and 20 images. The re-projection error of the calibration and evaluation images
are donated as €.q15p and €qyq1, respectively.

The comparison results of the four algorithms are shown in Tab.[I] Due to the
limited degrees of freedom, our calibrated re-projection error (e.qip) is slightly
higher. However, Ours exhibits the lowest re-projection error in evaluation im-
ages compared to alternative methods, indicating that our method achieves more
precise camera parameters. The Hartley method only uses the correspondence
of 2D points in images, which makes it impossible to calculate the re-projection
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Table 2: Comparison of calibration results using 20 images in a real camera.

Printed Collimator

Bouguet |3||Zhang |46| Bouguet |3| Hartley [17| Ours
I 2384.5 2380.8 2369.2 2644.6 2388.3
fy 2386.3 2379.8 2368.9 2646.0 2387.9
Ca 1209.8 1222.1 1221.1 1214.6 1221.0
cy 1008.2 1008.4 1009.8 1012.7 1009.6
k1 -0.0843 -0.0899 -0.0908 -0.0754  -0.0900
k2 0.0819 0.0912 0.0892 0.1181 0.0954

€caliv| 0.1513 0.1773 0.1722 - 0.1778

€cval 0.1225 0.1225 0.1221 0.1871 0.1207

Table 3: Comparison of epipolar rectification error results (pixels).

Zhang [46| Bouguet |3|]  Hartley [17] Ours
Number mean  std mean std mean std mean  std
2 0.0846 0.0406 0.0770 0.0220 - - 0.0770 0.0229

5 0.0809 0.0307 0.0764 0.0214 0.0832 0.0397 0.0762 0.0211
10 |0.0773 0.0234 0.0758 0.0213 0.0854 0.0509 0.0757 0.0208
15 ]0.0782 0.0266 0.0771 0.0253 0.0837 0.0522 0.0756 0.0207
20 ]0.0772 0.0252 0.0768 0.0253 0.0818 0.0365 0.0756 0.0208

error of the calibration images directly. In cases with only two images, Zhang
and Bouguet commonly depend on beneficial assumptions, such as v = 0. Ours
achieves comparable evaluation errors without the need for such assumptions.

Additionally, the Bouguet toolbox is also used to calculate camera parameters
from printed pattern images that are not included in the evaluation. We use 20
images for calibration and 200 for evaluation. The estimated camera parameters
and error comparison are shown in Tab.[2] The second column is a good reference.
The lower evaluation error indicates that our method outperforms the alternative
and validates the effectiveness of using the collimator image for calibration. It
can be expected that the calibration parameters are not significantly different.
Therefore, even a minor improvement holds considerable significance.

Then, we evaluate the performance of all methods using epipolar rectification
error, which has not been optimized. Given the camera parameters from different
methods, we calculate the epipolar rectification error (in pixels) for 300 pairs of
printed evaluation images. The mean and standard deviation of the errors are
shown in Tab. [B] Moreover, the result using Bouguet with 20 printed pattern
images is (0.0772, 0.0259) pixels. It is observed that as the number of calibration
images increases, the error stabilizes. The results indicate improved accuracy in
the collimator image and highlight the beneficial impact of the spherical con-
straint on accuracy.

Multiple Cameras Calibration with a Same Collimator. In this ex-
periment, we evaluate our method on multiple cameras with the same collimator.
We used the cameras with 12mm, 16mm, 25mm, and 35mm focal lengths of
lenses. The calibration images are captured from the same collimator, as shown
in Fig. [fland left of Fig.[I} As the focal length increases, the more pixels a single
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(a) 12mm (b) 16mm

Collimator System (c) 25mm

Fig. 6: Calibration image sample obtained from the collimator.

Table 4: Comparison of calibration results with different focal length lense (pixels).

Zhang [46] Bouguet [3] Hartley [17] Ours

12mm| 0.2273 0.2225 0.3404 0.2174
16mm| 0.2994 0.2591 0.4182 0.2536
25mm| 0.3133 0.3078 0.4195 0.2923
35mm| 0.3289 0.3348 0.7272  0.3118

square occupies. Cameras with different focal lengths can observe the calibration
target through our collimator system in a limited space.

Similar to the evaluation approach in the previous experiment, we segregate
all collimator images into calibration and evaluation sets. For each lens, we use
20 images for calibration and 200 for evaluation. The results are listed in Tab.
The proposed algorithm demonstrates the lowest re-projection error for lenses
with varying focal lengths among the evaluation images. The re-projection error
tends to increase with the increase of focal length. We believe that the main
reason is that the longer the lens’s focal length, the fewer points observed. More
importantly, this experiment confirms the effectiveness of our collimator system
and the proposed method. Moreover, we provide a spherical motion verification
experiment in supplementary material.

6 Conclusion

This paper presents a novel camera calibration method using a designed colli-
mator system. Based on the optical geometry of the collimator system, we prove
that the relative motion between the target and the camera conforms to a spheri-
cal motion. Furthermore, we propose a closed-form solver for multiple views and
a minimal solver for two views for camera calibration. Our collimator-based
method effectively combines the advantages of close-range calibration using a
collimator and flexibility using a planar calibration target. We validate the effec-
tiveness of using only collimator images to calibrate the camera. Synthetic and
real data experiments demonstrate that the calibration accuracy of the proposed
method is superior to the state-of-the-art methods.

Limitations: When calibrating a fisheye camera, the distortion should be
paid more attention rather than simply setting it to 0. Future work will focus
on cameras with significant distortion.
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