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Abstract 
Diameter measurement of cylinder with vision system is of great importance for diameter control in the float-zone silicon crystal 
growth. Targeted for float-zone silicon crystal growth, a vision-based diameter measurement with estimated expanded uncertainty 
for large diameter scope, is presented. The method is developed over two steps: camera calibration, diameter measurement and 
correction. Firstly, camera calibration identifies intrinsic and extrinsic properties of camera. Intrinsic parameters of camera model 
are obtained from the pattern of a checkerboard in advance. Then extrinsic parameters are inferred by tracking corner points of 
checkboard while rotating the checkerboard around cylinder axis. Finally, with estimated intrinsic and extrinsic parameters, pseudo 
diameter can be determined from the image points and corrected into actual diameter by trigonometric principle.The effectiveness 
of the proposed method was experimentally verified by measuring cylindrical gauges with diameter ranging from 5 mm to 150 mm. 
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1. Introduction 

With growth of wafer application in microelectronic and 
photovoltaic industries, the demand for wafer is rising as well. 
Silicon wafer manufacturing begins with crystal growth process 
where the polycrystalline silicon is crystalized into pure 
monocrystalline silicon. There are mainly two methods for 
silicon crystal growth process: Czochralski (CZ) method and 
Float-zone (FZ) method. Currently CZ Si wafers make up the vast 
majority of total Si wafer market [1] due to fast growth speed 
and large growth diameter. Nevertheless, the FZ method can 
offer unique properties of superior purity and high resistivity 
which the CZ method cannot achieve [2,3], and therefore the FZ 
silicon is indispensable for high power electronics and innovative 
devices [3]. In the FZ process, polycrystalline silicon (feed rod) is 
melted by contactless heater like radio frequency (RF) coil and 
grows into monocrystalline silicon with the help of contacted 
seed crystal [4]. The FZ process is normally controlled by 
automatic growth controller. 

In the FZ process, diameter control plays an important role 
since it ensures the crystal grows in good shape and quality. On 
the other hand, keeping diameter into control can help reduce 
waste or scrap. Therefore, it is necessary to measure crystal 
diameter with high efficiency and accuracy for obtaining 
homogeneous crystal [5]. 

However, due to high temperature and vacuum atmosphere 
within the FZ machines, it is not possible to measure the growing 
crystal during process with contacting measuring equipment like 
caliper or micrometer. Therefore, optical measurement is 
preferred for FZ crystal diameter measurements. Normally, 
there is a quartz window in FZ machine for vision system to 
capture geometrical quantities of crystal, and diameter 
measurement problem turns into cylinder diameter 
measurement based on images.  

Various methods on cylinder diameter measurements have 
been investigated during past decades and they can be mainly 

categorized into two methods: telecentric vision based 
measurements [6-8] and pinhole vison based measurements [9-
11]. Due to constant magnification, telecentric vision can 
measure object with high accuracy regardless of object distance. 
However, the field of view (FOV) is limited in telecentric lens and 
the larger the required FOV, the larger diameter of front lens has 
to be. Considering FZ crystal diameter is up to 200 mm, the 
required telecentric lens will be very large and expensive.   

Compared with telecentric lens, pinhole lens has higher FOV 
since there is an angle between light ray and optical axis by 
passing light ray through pinhole. However, when measuring a 
cylinder, since the light ray is tangent to the cylinder surface, the 
measured length is actually a ‘pseudo diameter’, the projection 
length of two tangent points. Hence, it is necessary to deal with 
the inconsistent diameter problem. Takesa et.al [12] measured 
cylinder diameter by measuring the ‘pseudo diameter’ with 
magnification factor and deriving actual diameter by 
trigonometric principle with focal length. However, in this 
method, the magnification factor was set constant after 
calibration while it varied with different diameters since tangent 
points vary. Wei and Tan [13] presented a diameter 
measurement method based on camera model parameters. 
Intrinsic parameters were calibrated with checkerboard and 
extrinsic parameters were determined by measuring reference 
shaft with non-linear optimization. With intrinsic and extrinsic 
parameters instead of magnification factor, the ‘pseudo 
diameter’ can be determined and corrected to actual diameter 
with trigonometric principle. Nevertheless, measuring accuracy 
is sensitive to initial estimate of extrinsic parameters due to the 
nature of non-linear optimization. Sun et.al [9] improved this by 
identifying intial extrinsic parameters from checkerboard which 
was clamped to embody the axis of shaft. Nonlinear 
optimization was then used for recalibrating extrinsic 
parameters. An average measurement error of 0.005 mm was 
finally achieved. Nonetheless, this was only tested on shafts with 
small diameters up to 30 mm. Moreover, in some cases it is 
difficult to utilize two center heads to clamp checkerboard in 
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order to reduce misalignment. Hao et.al [14] presented a new 
measuring scheme with a movable camera, which can derive 
diameter from two images at different object distances. 
However, though this method can achieve high accuracy, a 
single diameter measurement requires the camera to move two 
times, which would potentially increase measuring time and 
decrease the possibility of application in in-process 
measurement. 

Motivated by Wei and Tan [13] and Sun et.al [9], this paper 
presented a pinhole-vision based diameter measurement 
method for float-zone silicon crystal growth production based 
on camera model parameters. Similarly, camera model 
parameters are calibrated first and then projection length 
computed from camera parameters is corrected into true 
diameter by trigonometric principle. There are two main 
contributions in this paper including: 

1) A diameter measurement method targeted for large range 
cylinder diameter (5 mm to 200 mm) is presented and validated 
in both test bed and float-zone silicon crystal growth production. 

2) Uncertainties for diameter measurement in this method are 
estimated for ensuring the traceability of the measurements.  

2. Methodology 

The proposed diameter measurement method involves two 
steps: (i) camera calibration and (ii) diameter measurement. 
Camera calibration computes camera properties as well as the 
relationship between the camera and the measuring plane, 
which is very significant because it directly determines 
measuring accuracy. With the obtained camera model 
parameters, the cylinder length in the image can be transformed 
into the pseudo diameter and then corrected with diameter 
correction model. The framework of the diameter measurement 
method is illustrated in Figure 1. 

 
 Figure 1. Framework of diameter measurement method 

 
2.1. Camera calibration 

Camera calibration aims to compute intrinsic and extrinsic 
properties of camera pinhole model which is expressed in Eq 1. 

s [
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𝑍
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where u and v are coordinates on pixel frame of image and and 
X, Y, Z are coordinates on world frame. 𝑲 is intrinsic matrix and 
𝑹 and  𝒕 are extrinsic rotation and translation respectively. 

In this paper, intrinsic parameters are obtained by utilizing 
Zhang’s method [15]. 

Extrinsic parameters determines the position and orientation 
relationship between camera and measuring plane. In order to 
measure diameter, measuring plane have to cover cylinder axis, 
as shown in Fig 2. Extrinsic parameters are normally obtained by 
solving camera model with corner points of checkerboard which 
is placed on measuring plane. However, it is not easy to let 
checkerboard cover the axis of shaft, unless using special fixture. 

In this paper, extrinsic parameters are computed by rotating 
checkerboard which can be seen in Fig 3.  

The chekerboard is mounted onto the same shaft holder used 
to fix measured cylinder. As the checkerboard rotates, corner 
points on the checkerboard also rotate around the axis. The 
track of an individual corner point is supposed to be an arc or a 
circle with center point lying on the axis.  Therefore by 
computing all center points from tracks of all corner points, an 
axis line can be obtained by fitting those center points. 

 
Figure 2. Relationship between camera frame and world frame 

 
Figure 3. Rotating the checkerboard 

 
Firstly, the camera frame is set as reference frame since it is 

static while world frame varies with rotation of checkerboard. 
Corner point 𝑝𝑖  ( 𝑖 = 1,2, . . , 𝑁 ) in checkerboard under world 
frame 𝑾𝑗  (𝑗 = 1,2, . . , 𝑀 ) is expressed as 𝑝𝑤𝑖𝑗 , which can be 

computed by Eq 1 with estimated  𝑹𝑗  and 𝒕𝑗  from Zhang’s 

method. Then 𝒑𝑤𝑖𝑗  is mapped into camera frame by the 

following equation. 

𝑝𝑐𝑖𝑗 = 𝑹𝑗𝑝𝑤𝑖𝑗 + 𝒕𝑗 (2) 

Where 𝑝𝑐𝑖𝑗 is corner point 𝑝𝑖 in 𝑗𝑡ℎ  checkerboard image under 

camera frame. 
Then extrinsic translation of our desired measuring plane 𝒕𝑚 

can be determined by averaging all points under camera frame, 
as Eq. 3 shows. 

𝒕𝑚 =  
1

𝑀𝑁
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Apparently, all tracking circles’ planes share the same normal 
vector 𝒓𝑦 , which is parallel to the axis of cylinder. 𝒓𝑦  can be 

determined by minimizing the following objective function Eq 4. 

𝑚𝑖𝑛 ∑ ∑⌈(𝑝𝑐𝑖𝑗 − 𝑜𝑐𝑖)𝒓𝑦
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Where 𝑜𝑐𝑖  is the center point of tracked circle from corner 

point 𝑝𝑖, 𝑜𝑐𝑖 =  
1

𝑀
∑ 𝑝𝑐𝑖𝑗

𝑀
𝑗=1 . 

Let 𝒓𝑥 = (1,0,0)  , 𝒓𝑧 = 𝒓𝑥 × 𝒓𝑦 , then desired extrinsic 

rotation 𝑹𝑚 can be finally obtained. 

𝑹𝑚 = [𝒓𝑥, 𝒓𝑦 , 𝒓𝑧] (5) 



  

 

2.2. Diameter measurement and correction     
With the obtained intrinsic parameters and extrinsic 

parameters from section 2.1, edge points of the cylinder in the 
image after undistortion can be transformed into world frame 
by Eq. 1.  However, as above mentioned  in section 1, the 
measured distance from a pair of edge points e.g. AB shown in 
Fig. 2, is actually pseudo diameter. Therefore it has to be 
corrected by using trigonometric principle.  

It is assumed that the principal point of camera 𝑂𝑐 is slightly 
deviated from the center as shown in Fig 4, which is normally 
unavoidable situation. 

 
Figure 4. Deviated optical point 
 

The principle point 𝑂𝑐 under the world frame is expressed as 
𝑂𝑐𝑤, which can be computed from extrinsic parameters 𝑅𝑚 and 
𝑡𝑚, as shown in Eq. 6. 

𝑹𝑚𝑂𝑐𝑤 + 𝒕𝑚 =  𝑂𝑐 = [
0
0
0

] (6) 

Then the actual diameter can be computed with Eq 7. 

D = 2𝑂𝑤𝐴′ = 2𝑂𝑤𝑂𝑐𝑤𝑠𝑖𝑛
∠𝐴𝑂𝑐𝑤𝐵

2
(7)

here ∠𝐴𝑂𝑐𝑤𝐵 can be calculated based on the length AB, A𝑂𝑐𝑤 
and B𝑂𝑐𝑤 with cosine theorem. 

To improve measuring accuracy, the extrinsic parameters are 
recalibrated by measuring few cylindrical gauges with known 
diameter. The objective function for optimizing extrinsin 
parameters is shown as follows: 

𝑚𝑖𝑛 𝑆(𝑹, 𝒕) (8) 
Where S = ∑ (𝐷𝑣𝑖 − 𝐷𝑟𝑖)2𝑛

𝑖=1 . 𝐷𝑣𝑖  is the reading from the 
proposed method and 𝐷𝑟𝑖  is the reference diameter of the 
gauge. 

3. Experiments 

To verify the proposed method, the experiment work was 
performed by the camera with an image resolution of 1600 x 
1200 pixels. To simulate the float-zone machine as shown in Fig. 
6, the distance between the camera to the center of cylinder is 
around 1300 mm. The experimental setup is shown in Fig. 5. The 
image magnification factor is approximately 0.16 mm per pixel. 
The checkerboard with the corner points of 25x18 was used to 
calibrate the camera, in which the intrinsic matrix and distortion 
coefficients were inferred by Zhang’s method [15]. Backlight was 
utilized in order to ensure the quality of image points and two 
coverings were used to reduce reflection from backlight [13]. 
The measurements were done in a temperature-controlled lab, 
set at (20 ± 0.2) °C. 

 
Figure 5. Experiment setup 

 
Figure 6. Float-zone crystal machine and vision system  
 

For obtaining the extrinsic matrix in which the X-Y plane covers 
the rotating axis of the shaft, the checkerboard was rotated 
around the shaft axis while the camera captured images at the 
same time. Then extrinsic matrix was solved with the method 
presented in the section 2.1.  

The step cylindrical gauge with diameter ranging from 5 mm 
to 150 mm, as shown in Fig 7, was used to test the accuracy of 
the proposed method.  And extrinsic matrix was recalibrated by 
measuring gauges with diameter of 5 mm, 50 mm, 100 mm, 150 
mm. 

 
Figure 7. Step gauge 

 
For comparison, the experiments were also conducted with 

the pixel-equivalent based method where the magnification 
factor instead was used to compute the pseudo diameter. The 
magnification factor in the pixel-quivalent method is calibrated 
and optimized with the least square method by cylindrical 
gauges with diameter of 5 mm, 10 mm, 15 mm, 20 mm since 
diameter correction can be neglected in small diameters. In the 
pixel-equivalent method, due to limited information, the 
corrected diameter can only be inferred from pseudo diameter 
and camera distance and assume the camera points at the axis 
of cylinder. The corrected diameter is computed by the following 
equation: 

𝐷𝑣𝑝 =
𝐶𝐷𝑝

√𝐶2 + (
𝐷𝑝

2
)

2

(9)
 

Where C is the camera distance and 𝐷𝑝 is the pseudo diameter 

obtained from image length and magnification factor. 
We repeated capturing images of each cylindrical gauge for 30 

times. For each repeated image, 34 pairs of feature points were 
used for diameter calculation and the average of diameters was 
considered to be the measured diameter.   

Based on ISO 14253-2:2011 [16], results are provided with 
systematic error and an uncertainty analysis comprising the 
addition in uncertainty from reference gauge, resolution, and 
environment. 

𝑏𝑣 = 𝐷𝑣 − 𝐷𝑟𝑒𝑓 (10) 
Where 𝐷𝑣 is reading diameter from the proposed method, 𝐷𝑟𝑒𝑓 

is reference diameter from calibration certificate. 

𝑢𝑣 =  √𝑢𝑟𝑒𝑓
2 + 𝑢𝑟𝑒𝑠

2 (10) 

Where 𝑢𝑟𝑒𝑓 is the uncertainty contribution related to reference 

gauge, 𝑢𝑟𝑒𝑠  is the standard uncertainty contribution of 
resolution, Since feature points were detected by sub-pixel edge 
detection, we considered the resolution was 0.3*magnification 
factor*2 (since there is a pair of points involving diameter 
calculation). The expanded uncertainty 𝑈𝑣 is expressed as: 



  

 

𝑈𝑣 =  𝑘 × 𝑢𝑣 (11) 
Where k  is the coverage factor(k=2 provides a confidence 

level of approximately 95% ). 
 

 
Figure 8. Measurement results using the proposed method 

 

 
Figure 9. Measurement results using the pixel-equivalent method 

 
From Fig. 8 and Fig. 9 we can notice a relatively large 

uncertainty of approximately ±0.2 mm, which is due to low 
resolution of image. However, in the proposed method, 
deviations from the reference diameter is almost invariant with 
gauge diameters, keeping the error into the range of ±0.1 mm.  

On the contrary, in the pixel-equivalent method, a slightly 
increasing trend can be noticed. Two reasons may explain it. On 
one hand, lens distortion is not taken into account. As the gauge 
diameter increases, the edges are more far away from the image 
center, and distortion is therefore more serious. On the other 
hand, poor precision of magnification factor can also affect 
measuring accuracy. Since the magnification factor is inferred 
from the number of pixels in the image and the actual diameters, 
magnification factor is sensitive to the resolution of image which 
is relatively low in this experiment. 

In summary, compared with the pixel-equivalent based 
method, the proposed method shows more robustness when 
measuring cylinders with large diameter scope. This proves the 
effectiveness of using normal fixture to infer extrinsic 
parameters, which may address the need of special fixture to 
compute accurate initial extrinsic parameters. 

4. Conclusion      

In this study, we proposed a diameter measurement method 
for cylinders ranging from 5 mm to 150 mm without using any 
special fixture, which is targeted for float-zone crystal growth 
production. The checkerboard was utilized to compute camera 
parameters. However, in extrinsic calibration, instead of placing 
the checkerboard where the cylinder axis is covered, we rotated 
checkerboard along the axis and inferred the position and 
orientation of cylinder axis from the recorded corner points of 
checkerboard. Experiments show that the measurement error 
can be kept into around ±0.1 mm. 

In this study the measurement accuracy of a vision-based 
diameter and its measurement uncertainty in a longer diameter 
scope are investigated. Our results provide compelling evidence 
that diameter measurements utilizing camera parameters 
appear to be more robust than the pixel-equivalent method. 
This result can lay the foundation for diameter control in crystal 
growth of silicon where tracking diameters from few millimeters 
up to 200 mm is needed. Future work will focus on applying the 
method in crystal growth images. 

However, some limitations are worth noting. Although the 
proposed method was supported statistically, the obtained 

accuracy was lower than previous results [9][13]. Though this is 
partially due to lower resolution and longer camera distance, 
both feature point detection and vibration of rotating axis also 
remarkably affect measurement accuracy. Future work should, 
therefore, include addressing the solution to evaluate the 
measurement uncertainty due to vibrating axis. 
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