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ABSTRACT Light-pen coordinate measuring machines are widely used due to their portability; however,
the measurement accuracy is affected by camera calibration, light-pen probe calibration, control points,
etc. To study the influence of control point dispersion on measurement accuracy, a light-pen coordinate
measuring system is constructed in this paper. In this system, a new type of control point distribution is
designed. Based on this distribution, five light-pens with different control point dispersions are created and an
algorithm is proposed tomatch control points with their images. The experimental repeatability results for the
five light-pen probes indicate satisfactory repeatability, which ensures the effectiveness of the measurement
results. The experimental measurement results for five light-pens demonstrate that the measurement error
decreases with the decline of the control point dispersion at first, but begins to increase when the control
point dispersion reaches a certain value.

INDEX TERMS Light-pen coordinate measuring system, light-pen, control point distribution, control point
dispersion, measurement accuracy.

I. INTRODUCTION
With the continuous progress in manufacturing and con-
tinuously increasing industrial measurement requirements,
one-dimensional and two-dimensional measurement meth-
ods cannot meet the needs of industrial technology devel-
opment. The first coordinate measuring machine (CMM)
was successfully developed by the Ferranti company (UK)
in 1960 [1]. A CMM offers high measurement accuracy and
versatility and is important in industrial product inspection.
However, the large size of traditional frame-type CMMs is
inconvenient for on-site measurement and limits the mon-
itoring range. Thus, articulated-arm CMMs, laser trackers,
indoor GPS, mobile space coordinate measuring machines,
photogrammetric systems, and other new portable coordinate
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measuring machines (PCMMs) that are convenient for
on-site and large-scale measurement tasks have been widely
developed [2]–[6].

Recent research has focused on fast and portable mea-
surements of large parts. The portable coordinate measur-
ing machines (PCMMs) can conveniently complete rapid
on-site measurement tasks and have been widely used in
large-scale engineering metrology. The light-pen coordinate
measuring machines (LPCMMs) are small, light, conve-
nient, highly accurate, and produce no interference light.
They are suitable for on-site measurements and are widely
used for the measurement of large parts [7]. Vision-based
LPCMMs have become the main research focus in the mea-
surement field. There are two types of measurement tech-
niques: noncontact and contact. Typical noncontact PCMMs
include laser and white light scanners [8], laser tracking
systems, and charge-coupled device (CCD) cameras [9]–[11].
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Light-pen measurement technology has developed rapidly
since the 1990s. Many light-pen measuring products, includ-
ing the V-ATARS system from GSI (US) [12], the Tritop
system from Gom (Germany), the ATOS contact probe sys-
tem, the DUO and SOLO systems from Metronor (Norway)
[13], and the HandyProbe (NEXT) system (Canada) [14],
are commercially available. In 2005, Liu and Huang first
proposed a single-camera light-pen vision measuring system.
They studied a mathematical model of a single-camera light-
pen vision system and its solutions, which improved the
stability of the measurement [15]. Many researchers have
subsequently studied light-pen PCMMs for monocular and
binocular vision measurements [16]–[20].

The light-pen calibration accuracy, camera calibration
accuracy [21], and control points on the light-pen can affect
the measurement accuracy of the light-pen coordinate mea-
suring system. Control points directly monitor objects in
a vision measuring system; their number and geometric
distribution structure can affect the measurement accuracy.
Through simulation experiments, Jiang found that when the
image positioning accuracy was constant and the number of
control points increased from four to eight, the accuracy of
attitude measurement was significantly improved. However,
when the number of control points exceeded eight, the growth
rate of accuracy decreased [22]. Targeting the linear distri-
bution, cross distribution, circular distribution, and planar
matrix distribution of control points, Weng conducted sim-
ulation experiments and found that when the control point
distribution is a rectangular layout, the measurement accu-
racy is the highest [23]. However, there is little research on
the influence of control points on measurement accuracy;
nevertheless, the influence on measurement accuracy is real.
At present, only the number and distribution of control points
have been studied, whereas control point dispersion has not
been studied. Huang used a three-point linear light-pen to
study the distance between control points [24]; however,
the number of control points was too small to provide strong
evidence for this research.

To further explore the influence of control point disper-
sion on measurement accuracy, a light-pen coordinate mea-
suring system is constructed, and repeatability experiments
and measurement experiments are performed in this paper.
To be specifically, the contributions are five-fold: 1) a control
point distribution is designed, based on which, five light-pens
with different dispersions are constructed; 2) an algorithm
matching the control points and their images is proposed;
3) repeatability experiments and measurement experiments
are performed to verify the stability of the measuring system
and reveal the relationship between control point dispersion
and measurement accuracy.

The remainder of this paper is organized as follows.
The light-pen coordinate measuring system is introduced in
Section II. Theoretical analysis for the influence of con-
trol point dispersion on measurement accuracy is introduced
in Section III. Repeatability experiments and measurement
experiments are conducted in Section IV.

II. LIGHT-PEN COORDINATE MEASURING SYSTEM
As depicted in Fig. 1, the LPCMM comprises three parts:
1) a CCD camera; 2) a computer; 3) a light-pen. During
measurement, the operator touches the workpiece with the
light-pen probe. Images are captured and transmitted to the
computer. The computer processes the images and calculates
the measurement result using a program.

FIGURE 1. System diagram.

A. COORDINATE SYSTEM ESTABLISHMENT
As depicted in Fig. 2, the measuring system model includes
three coordinate systems:

FIGURE 2. Coordinate system.

1) IMAGE COORDINATE SYSTEM(O0 − XY)
The coordinate system is established on the image plane
of the camera; the centre of the image plane is the ori-
gin of the coordinate O0. The x-axis and y-axis are paral-
lel to the horizontal and vertical scanning directions of the
CCD camera, respectively, and should be parallel to the
O1−uv plane. (unit: pixel)

2) CAMERA COORDINATE SYSTEM (O1 − uvw)
The origin of the coordinate system O1 is the optical centre
of the camera. The w-axis is the optical axis, and the u- and
v-axes are respectively parallel to the horizontal and vertical
axes of the image coordinate system. (unit: mm)

3) LIGHT-PEN COORDINATE SYSTEM (O2 − xyz)
The origin of the coordinate system O2 is established on
the light-pen probe. The connection direction of control
points 3 and 6 is the x-axis direction (the coding of control
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points is depicted in Fig. 4). The connection direction of
control points 1 and 2 is the y-axis direction. The O2–xy plane
is perpendicular to the z-axis. (unit: mm)

B. CONTROL POINT DISTRIBUTION AND LIGHT-PEN
DESIGN
As depicted in Fig. 3, the light-pen body is equipped with
eight infrared LED light points and a detachable ruby spher-
ical probe (shape error is less than 0.1%). The control points
of the light-pen are represented by an infrared LED lamp
whose wavelength is greater than that of visible light. A filter
of the corresponding wavelength is placed in front of the
lens to effectively capture the control points, optimise the
shooting environment, reduce the image processing steps,
accelerate the processing efficiency, and improve the mea-
surement accuracy.

FIGURE 3. Structure of light-pen.

The research in recent years have shown that when the
number of control points exceeded eight, the growth rate of
accuracy decreases. Increasing the number of control points
increases the calculations. Therefore, eight control points are
selected. The distribution of the control points also affects the
measurement accuracy.When the distribution is linear or rect-
angular, the measurement accuracy is higher than that with
other distributions. A new type of control point distribution
is designed (Fig. 3). The eight control points arranged into
a rectangular and linear distribution. Making the middle two
control points higher than the other control points, improves
the measurement accuracy of the LPCMM in the direction of
the camera’s optical axis.

Based on the control point distribution, five light-pens
with different control point dispersions are designed with the
premise that the number and structure distribution remain
unchanged. The distances between the eight control points
for the five light-pens are as follows:
Light-Pen A: The distance between control points 3, 4, 6,

7 and the centre line is 35 mm (the coding of the control
points is shown in Fig. 4.); the distance between control
points 3 and 4 in the x-axis direction is 40 mm; the dis-
tance between control points 6 and 7 in the x-axis direction

FIGURE 4. Matching control points and their images.

is 40 mm; the distance between points 5, 8 and the centre line
is 20 mm.
Light-Pen B: The distance between control points 3, 4,

6, 7 and the centre line is 30 mm; the distance between
control points 3 and 4 in the x-axis direction is 35 mm; the
distance between control points 6 and 7 in the x-axis direction
is 35 mm; the distance between points 5, 8 and the centre line
is 18 mm.
Light-Pen C: The distance between control points 3, 4,

6, 7 and the centre line is 25 mm; the distance between
control points 3 and 4 in the x-axis direction is 30 mm; the
distance between control points 6 and 7 in the x-axis direction
is 30 mm; the distance between points 5, 8 and the centre line
is 15 mm.
Light-Pen D: The distance between control points 3, 4, 6,

7 and the centre line is 20 mm; the distance between control
points 3 and 4 in the x-axis direction is 25 mm; the dis-
tance between control points 6 and 7 in the x-axis direction
is 25 mm; the distance between points 5, 8 and the centre line
is 12 mm.
Light-Pen E: The distance between control points 3, 4, 6,

7 and the centre line is 15 mm; the distance between control
points 3 and 4 in the x-axis direction is 20 mm; the dis-
tance between control points 6 and 7 in the x-axis direction
is 20 mm; the distance between points 5, 8 and the centre line
is 10 mm.

Control point dispersion is defined by the standard devi-
ation of the coordinates of all control points on the x-, y-
, and z-axes. The centre coordinates of the control points
and the light-pen probe in the light-pen coordinate system
are obtained by the light-pen calibration. The light-pen is
calibrated by a high-precision coordinate measuring machine
made in the UK. The Maximum Permissible Error (MPE)
of the high-precision coordinate measuring machine changes
with the measurement distance L (the distance between the
camera and the measured object):MPE = 5.0+ L/330. The
unit of MPE is micron and the unit of L is millimetre.

To simplify the calculation, we set the centre of the light-
pen probe as the origin of the light-pen coordinate sys-
tem. The calibration results of control points are shown
in TABLE 1. It can be seen from the last column that the
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TABLE 1. Calibration results of five light-pen control points.

control point dispersion from light pen A to light pen E
gradually decreases.

C. MATCHING CONTROL POINTS AND IMAGES
In the light-pen measuring system, the one-to-one corre-
spondence between the control points and their images is
significance. An algorithm is designed that can quickly and
accurately match the control points and their images. The
algorithm significantly improves the calculation speed, fur-
ther improving the measurement speed of the system, which
is beneficial for industrial measurement.

Camera imaging is a perspective projection process from
a three-dimensional object space to a two-dimensional image
plane. For objects with the same shape in a three-dimensional
space, when the camera is positioned at a different angle,
the shape in the obtained two-dimensional image is different.
Thus, a shape description method that is not affected by
perspective projection must be adopted [25].

In perspective projection, there exists a linear relationship
between the coordinate ui of the object in the camera coordi-
nate system and the coordinate Xi of the object in the image
coordinate system; Xi= αui, where α is the coefficient of
linear transformation. It is observed that the image formed
by the perspective projection of a straight line in space is
still a straight line, and the projection of a straight line f =
ax + by+ c is f

′

= a
′

x + b
′

y+ c
′

.

∀ (x, y) ∈ f → (ax, ay) ∈ f ′, a 6= 0
f = ax + by+ c→ f = a

α
(αx)+ b

α
(αy)+ c

}
→ f ′ =

a
α
x +

b
α
y+ c. (1)

As depicted in Fig. 4, the control points of the light-pen are
sorted.

The process of matching control points and their images is
described as follows:

1. The computer processes the images to obtain the centre
coordinates of the control points in the image coordinate
system, pi = (xi, yi) , i ∈ [1, 8].
2. Using principal component analysis to perform straight-

line fitting of the centre coordinates of light-pen control
points, the centre line f is obtained, and the centre point of
all the control point is point A.

3. The control point that is closest to the centre point A is
point 1.

4. The control point that meets the following two con-
straints is point 2: i) The distance between the control point
and the centre point A is the shortest, min (diA) , i =∈ [1, 8] .
ii) The distance between the control point and point 1 is the
shortest, min (di1) , i =∈ [2, 8].
5. Owing to the offset during the light-pen measurement

process, the connection line between points 1 and 2 is not a
symmetrical line of the other control points. The centre point
A of the light-pen is calculated; thus, the displacement vector
between point 1 and centre point A can be obtained. The
position of point B is found through point 2 and the same
displacement vector.

6. The unnamed control points are connected to
points A andB; the connected straight lines are liA and liB. The
rotation direction from liA to liB is compared using the top and
bottom of liA and liB. The direction of rotation is clockwise at
points 3, 4, and 5 (liA is higher than liB), and the direction
of rotation is clockwise at points 6, 7, and 8 (liA is lower
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than liB). Each point is determined by its y-axis
coordinate.

D. MODEL COORDINATE SYSTEM CONVERSION
SOLUTION
Assuming that the centre coordinates of the eight control
points in the light-pen coordinate system are (xj, yj, zj), those
in the image coordinate system are (Xj,Yj, ), and those in the
camera coordinate system are (uj, vj,wj), j = 1, 2, 3 · · · 8,
the transformation from the light-pen coordinate system to
the camera coordinate system can be expressed as: uv

w

 = [R T
]

x
y
z
1

 =
 r1 r2 r3 tx
r4 r5 r6 ty
r7 r8 r9 tz



x
y
z
1

 (2)

where R =

 r1 r2 r3r4 r5 r6
r7 r8 r9

 ,T =
 txty
tz


The centre coordinate of the light-pen probe in the camera

coordinate system can be obtained using Equation (2).R is the
rotation orthogonal matrix, and T is the translation matrix.
Beforemeasurement, the CCD camera is pre-calibrated [26].

During measurement, the images of the light-pen and eight
LED control points are captured by the CCD camera. The
captured images are transmitted to the computer via a gigabit
network cable. The software installed on the computer pro-
cesses the images to obtain centre coordinates of the control
points in the image coordinate system.

There exists a projection relationship between the camera
coordinate system and the image coordinate system. The
centre coordinates in the camera coordinate system can be
calculated by substituting the image centre coordinates into
Equation (3).

sj ·

XjYj
1

 =
 f 0 0
0 f 0
0 0 f

 uj
vj
wj

 (3)

The scale factor for the conversion between the camera
coordinate system and the image coordinate system is sj.
The focal length of the camera lens is f . According to the
perspective projection, Equations (2) and (3) can be combined
to obtain:

sj ·

XjYj
1

 =
 f 0 0
0 f 0
0 0 f

 r1i r2i r3i txi
r4i r5i r6i tyi
r7i r8i r9i tzi



xj
yj
zj
1



=

 fr1i fr2i fr3i ftxi
fr4i fr5i fr6i ftyi
r7i r8i r9i tzi



xj
yj
zj
1

 (4)

The initial values of R and T are obtained using the
centre coordinates in the light-pen coordinate system of the
eight control points and corresponding image centre coordi-
nates [27].

According to Equation (4), the following equation is
obtained:

faj = f
(
r1xj + r2yj + r3zj + tx

)
−Xj

(
r7xj + r8yj + r9zj + tz

)
= 0

fbj = f
(
r4xj + r5yj + r6zj + ty

)
−Yj

(
r7xj + r8yj + r9zj + tz

)
= 0

j = 1, 2 · · ·N (5)

The objective function that minimises the sum of squares
of the spatial coordinate errors can be expressed as

I
(
r1, r2 · · · r9, tx , ty, tz

)
=

n∑
j=1

(
f 2aj + f

2
bj

)
= min (6)

The optimal solution is obtained by the objective function,
which yields the R and T of the image.

After the rotation matrix R and the translation vector T are
obtained using the nonlinear least square generalised inverse
method given in [28]. The centre coordinate of probe in the
light-pen coordinate system, R and T are substituted into
Equation (2) to obtain the centre coordinate of the light-pen
probe in the camera coordinate system.

E. MEASUREMENT METHOD
The key to performing measurement using a light-pen coor-
dinate measuring system is to obtain the centre coordinate of
the light-pen probe in the camera coordinate system, which
are performed by following steps:

1. Duringmeasurement, the light-pen probe is placed in the
measured object by the operator. Control points are captured
by the CCD camera with a filter and the images are transmit-
ted to the computer in real time.

2. The centre coordinates of each light-pen control points
in the image coordinate system are obtained through Least
Squares Fitting of Ellipse of image processing.

3. The rotation matrix R and translation vector T of the
conversion between the camera coordinate system and the
light-pen coordinate system are obtained using the calibrated
centre coordinates of the eight control points in the light-pen
coordinate system and corresponding image centre coordi-
nates based on Equation (4)(5)(6).

4. The calibrated centre coordinate of the light-pen probe
in the light-pen coordinate system and R and T are substi-
tuted into Equation (2) to obtain the centre coordinate of the
light-pen probe in the camera coordinate system.

III. INFLUENCE OF CONTROL POINT DISPERSION ON
MEASUREMENT ACCURACY
Fig. 5 depicts a light-pen with three control points [24]. The
size of the light-pen body includes the positioning dimensions
L1, L2, and L3 between the centres of the three control points,
the positioning dimension L4 between the lowest control
point and the probe, and the total length of the light-pen
L0. The values of L0, L1, L2, L3, and L4 are determined
according to the focal length and angle of view of the selected
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FIGURE 5. Schematic of three-point light-pen.

CCD camera lens and the field of view H. As depicted
in Fig. 6, H = Lh/f ; after selecting the camera and lens,
H and f can be determined. Thus, if L is known, H can be
determined.

FIGURE 6. Camera field of view range.

According to the determined camera field of view range
H and the light-pen structure, the centre distance L1 between
the upper and lower control points can be determined. The
parameters θ1, θ2, θ = θ1 + θ2 (Fig. 5) are obtained from
the image centre coordinates of the corresponding control
points to solve the collinear three-point perspective problem
(P3CP) [29]. Under the premise that the extraction accuracy
of the image plane of the control points is certain (pixel or
subpixel level), the relative error of the calculated value of θ
decreases when the value of θ increases, the P3CP solution
accuracy increases, and the measurement accuracy increases.
Thus, the distance between the control points theoretically
affects the measurement accuracy.

After the centre coordinates of the three control points
in the camera coordinate system are obtained, the centre
coordinate of the probe can be solved using any two control
points collinear with the centre of the probe to obtain three
sets of coordinates, and the average value can be calculated.

From the geometric relationship depicted in Fig. 7, L ′ is
the centre distance between the highest control point and
the probe centre, and L1 is the centre distance between the
highest and lowest control points. Assuming that the centre
distance L2 of the upper two control points and the centre
distance L ′ remain unchanged, the centre distance increases
from L1 to L ′1, assuming that there is no positioning error in
the upper two control points, and the positioning error of the
bottom control point is1. As depicted in Fig. 7, the presence

FIGURE 7. Positioning error of control points.

of 1 produces errors in the calculated pen tip position in
both the horizontal and vertical directions.11 and12 are the
errors in the horizontal direction, σ and σ

′

are the errors in
the vertical direction.

12 = L′sinα ≈ L ′
1

L1

11 = L ′ sinα′ ≈ L ′
1

L ′1
σ = L ′ (1− cosα)

σ ′ = L ′
(
1− cosα′

)
(7)

According to Equation (7), because L ′1 > L1, α′ < α and
11 < 12, σ

′

< σ . It can be seen that the distance between
the control points affects the measurement accuracy.

IV. EXPERIMENTS
To demonstrate the effectiveness of the measurement exper-
iment, a repeatability experiment is conducted first. A mea-
surement experiment is conducted to study the influence of
dispersion on measurement accuracy.

A. REPEATABILITY EXPERIMENT
As depicted in Fig. 8, a standard cone is fixed on the measur-
ing table, and the light-pen probe is placed in the reference
cone. Under the premise of ensuring that the light-pen probe
does not leave the lowest end of the reference cone, the opera-
tor rotates the position of the light-pen and captures an image
at each position. In total, ten images are captured for each
light-pen. The centre coordinate of the light-pen probe in the

FIGURE 8. Repeatability experiment.
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TABLE 2. Centre coordinates of five light-pen probes.

camera coordinate system in the 10 images obtained by the
measurement method in Subsection E of Section II.

The experimental results for the five light-pens are pre-
sented in TABLE 2. The centre point coordinates of each
light-pen probe in the ten images are shown in the columns
numbered by 1 to 10. The repeatability is represented by the
standard deviation of ten centre point coordinates. As pre-
sented in the last column, the probe repeatability of each
light-pen does not exceed 0.082, and its convergence speed
is satisfactory.

B. MEASUREMENT EXPERIMENT
As depicted in Fig. 9(a), the measurement object is a refer-
ence cone. The reference width of the cone is 30.0317 mm,
which is obtained by a high-precision coordinate measuring
machine.

The width of the reference cone is measured using the
new light-pen measuring system by following steps: 1) the
operator captures images from the left and right sides of the
reference cone. As depicted in Fig. 9(b), for each light-pen,
the operator touches 15 different positions on the left surface
of the reference cone to capture 15 images. This operation is
repeated on the right surface, as depicted in Fig. 9(c); 2) the
captured images are transferred to a computer. The coordinate
position results of light-pen probe in the camera coordinate
system obtained by the measurement method in Subsection E
of Section II; 3) as depicted in Fig. 10, the points on the right
surface are fitted to a plane by singular value decomposition
(SVD) [30]. The measured width is obtained by calculating
the average distance from the points on the left surface to the
fitted plane on the right.

FIGURE 9. Image acquisition.

Ten measurement experiments are performed for each
light-pen. Themeasurement results are presented in TABLE3.
The measured widths of five light-pens are shown in
rows 2–11. The average value, absolute error, and relative
error are shown in the last three rows.

TABLE 3 shows that the measured average values of the
five light-pens are not the same. The closest to the refer-
ence value of 30.0317 mm is obtained by light-pen C. The
measured average value is 30.1237 mm, the absolute error
is 0.092 mm, and the relative error is 0.31%. The errors of
the remaining four light-pens are all higher than those of
light-pen C.

From the control point dispersion of five light-pens in
TABLE 1 and the absolute error and relative error of the
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FIGURE 10. Results of centre point of light-pen probe in the camera
coordinate system.

TABLE 3. Measurement results of five light-pens.

five light-pens in TABLE 3, it can be observed that, when
the control point dispersion becomes smaller and smaller,
the error decreases at first, but begins to increase after the
control point dispersion reaches a certain value.

The experimental results show that the dispersion of the
light-pen control points does have an impact on the measure-
ment accuracy. The experimental results of the new light-pen
with eight control points verified that increasing control point
dispersion helps to improve measurement accuracy when the
control point dispersion does not exceed a certain range, but
overall, the relationship between the control points dispersion
and measurement accuracy is not a monotonous increasing
trend.

V. CONCLUSION
To study the influence of control point dispersion onmeasure-
ment accuracy, a light-pen measuring system is developed in
this paper. A new type of control point distribution is designed

in this system. According to this distribution, five light-pens
with different control point dispersions are created, and an
algorithm that matches the control points and their images is
proposed. The experimental repeatability results indicate that
the repeatability of light-pen probe is satisfactory and suitable
for experimental research. The experimental measurement
results demonstrate that the influence of control point disper-
sion on measurement accuracy.

The light-pen coordinate measuring system in this paper
canmeet the requirements of mediummeasurement accuracy.
In future research, we will further increase the measurement
accuracy by exploring the influence of other factors.
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