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This paper describes a novel three-dimensional (3D) position measuring method for a

circular hole in an object. In an automobile production process, circular holes are widely used as reference

points for assembling the bodies and various parts of an automobile. In order to acquire information of the

3D position of the circular hole, we developed a method that measures the coordinates of four feature points

on the circumference of the circular hole using the triangulation method. In this method, the feature points

are extracted with high accuracy by combining two images that have a feature point near the circular hole.

As a result, a measurement accuracy of ±0.05 mm or less (working distance: 200 mm) was obtained during

our experiment. Moreover, it was confirmed that the developed sensor can be applied to the automobile

assembly process.

3D Position Measurement, Circular Hole, Automobile Production Process,

Triangulation Method

1. Introduction

In the automobile production process, numerous

measurements and inspections are carried out to

produce a high quality car. In particular, the precision

of fitting the bodies and parts influence the appearance,

quality, and size of the finished car. Therefore, circular

holes are widely applied as reference points during

assembly. Moreover, the information of the three-

dimensional (3D) position of each circular hole is very

useful when evaluating the ability of the production

process. For these reasons, a technique that measures

the 3D position of such circular holes is required.

Numerous methods have been developed to measure

the 3D position of certain objects during the production

process, such as the stereo camera method
(1,2)

and the

light-section method.
(3-5)

However, problems arise

when these methods are applied to the measurement of

the 3D position of a circular hole during the production

process. For example, since the stereo method is

affected by the brightness variations of ambient light,

the lighting of the environment needs to be controlled

during the production process. On the other hand, the

light-section method is less susceptible to the effect of

the brightness variations of ambient light. However,

since the method only uses the shape information of

the projected light of a slit, as compared to the stereo

method, the exact extraction of a feature point is more

difficult.

Therefore, feature points were extracted from an

image that was a combination of a light-section image

and a two-dimensional image that contained the

features of the circular hole, and a method was

developed to measure the 3D coordinates.
(6)

This

method utilizes a sensor that is simply composed of a

TV camera, a white light source, and two laser slit light

sources.

2. Principle of the Measurement Method

Figure 1 shows an example of the circular holes that

exist in an automotive part. Circular holes are widely

Automotive part

Circular hole

Fig. 1 Example of circular holes.
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used for the assembly process and are also sometimes

used as reference points. The purpose of this study is

to automatically measure the 3D coordinates of such

reference points. The circumference of such a circular

hole may become tapered, and errors arise due to such

tapering when using conventional 3D measurement

technology. For this reason, we developed a novel

measurement method as a practical solution to the

problem mentioned above.

Figure 2 shows a schematic diagram of the proposed

sensor. The sensor head is composed of a TV camera,

two laser slit light sources, and a white light source

located at the slanting upper area of the TV camera.

The 3D coordinates of the circular hole can be

measured by triangulation of the TV camera and the

laser slit light sources. Since the two light sources are

arranged so that the laser slit lights cross the circular

hole crosswise, the four points of the laser slit lights

that intersect with the circumference of the circular

hole can be used as the feature points. The 3D

coordinates of the four feature points are calculated by

using the triangulation method. In addition, the

equation of the circumference of the circular hole is

acquired from the coordinates of the four feature

points. Therefore, the 3D coordinates of the center of

the circular hole, the normal vector, and the diameter

of the circular hole are determined from the equation

of the circumference of the circular hole. This 3D

position was considered to be easily measurable as

mentioned above, but an algorithm that accurately

extracts each feature point from an image that only

includes the shape of the projected slit light becomes

very important when using conventional 3D

measurement techniques. Therefore, in order to extract

the feature points accurately, we propose a technique

that analyzes an image that is a combination of two

images of the different features of the circular hole.

The framework of the above proposed method is

shown in Fig. 3, and the procedure of the method is as

follows. At first, two laser slit lights are projected onto

an object and an image, defined as a slit light image,

is captured. Then, the white light source is used to

illuminate the object without the use of the laser slit

lights and an image, defined as a circular hole image,

is captured. As results of this procedure, the slit line

image shows clear reflected light lines that outline the

shape of the object and circular hole, and the circular

hole image shows the clear contrast of the object

surface and circular hole. Section 3 describes, in detail,

the image processing that was applied to these images,

and the notable features of this method are further

discussed. Since these images are acquired with the

same TV camera, they can be overlaid to create a

combined image. If this is done, the feature points can

be defined as the intersection points of the central lines

of the slit lights and the circumference of the circular

hole. Four feature points were extracted accurately by

the procedure mentioned above. However, if the
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Fig. 2 Schematic diagram of the proposed sensor.
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Fig. 3 Framework of the proposed method.
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elliptical approximation is applied to extract the

circumference of the circular hole, the line that shifted

from the actual circumference line can be extracted as

shown in Fig. 4. As compared to Fig. 4(a), in which

the circumference line was extracted without error, the

extracted circumference line of Fig. 4(b) shifted from

the actual circumference line. This shift is caused by

an inclination of the object or a distortion of the camera

image pickup system mainly according to an optical

lens. In order to deal with this shift, it is necessary to

increase the reference point and to compute an

elliptical approximation with a high-dimensional

function. However, an increase in the processing time

may become a problem. Therefore, as shown in Fig. 5,

a curvilinear approximation was applied to each of the

four partial circumference segments extracted from the

actual circular hole image, and the intersections of the

approximated curved lines and the central lines of the

slit lights were extracted as the feature points.

3. Measurement System

3. 1  Structure of the System

Figure 6 shows a schematic diagram of the

developed prototype measurement system. This system

is composed of a host computer, a control unit for the

two laser slit light sources, and the sensor head

described in Section 2. In this system, the two laser slit

light sources of the sensor are located at the upper and

side regions of the TV camera. The TV camera is

equipped with XGA (eXtended Graphics Array) CCD

(1024 × 768 pixels) and its frame rate is 30 frames per

second. The wavelength of each laser light source is

650 nm, and the beam is extended to the shape of a slit

by the lens system. The horizontal slit light is projected

from the upper light source, and the vertical slit light

is projected from the side light source. In this state, the

directions of the two laser sources can be adjusted so

that the two slit beams intersect along the optical axis

of the TV camera.

Figure 7 shows two photographs of the developed

sensor head. The specifications of the developed

prototype sensor are summarized in Table 1. The

system is arranged so that the baseline length between

the TV camera and each laser slit light source is

170 mm and the working distance is 200 mm. The

measurement range is set to ±10 mm from the

reference position in the XYZ direction so that the

system could respond to position change of an object

in a factory line. Since the field-of-view of the TV

camera is approximately 66 mm × 50 mm, the pixel

resolution is 0.65 mm.

(a)                                   (b)

Extracted line Actual line

Fig. 4 Example of the circumference extraction results by

elliptical approximation, (a) result of normal

extraction and (b) result of having shifted.

Fig. 5 Example of  the extracted four feature points.
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control unit

Laser slit light sources

Host computer TV camera
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sources

Fig. 6 Schematic diagram of the prototype

measuring system.



3. 2  Measurement Procedure

Figure 8 shows the procedures for the 3D

measurement of the position of the circular hole. First,

as described in Section 2, a slit light image and a

circular hole image are obtained by the TV camera.

The region of the circular hole is extracted by threshold

processing of the circular hole image (procedure #2 in

Fig. 8). After that, as shown in procedure #3 in Fig. 8,

the approximated curved lines of the circumference are

generated the four segments based on the outer line of

the circular hole extracted by the conventional edge

processing method. In contrast, the center lines of the

projected slit lights are extracted by thinning the slit

light image (procedure #5 in Fig. 8). The two extracted

images of the line segments are overlaid to create a

combined image (procedure #6 in Fig. 8). The

intersection points of the approximated curved lines of

the circumference and the center lines of the slit lights

are extracted as feature points (procedure #7 in Fig. 8).

Then, the 3D coordinates of the feature points are

calculated by using the coordinate transformation

formula, which should be proofread in advance.

Finally, the diameter of the circular hole is calculated

by using the equation of a circle, which passes along

the 3D coordinate of the four feature points.

4. Experiments and Results

To confirm the validity of the developed

measurement method, an experiment using a target

board and an XYZ coordinate system, as shown in
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{1} Acquisition of a 
circular hole image.

{2} Extraction of the hole 
region. 

{4} Acquisition of a slit 
light image. 

{5} Extraction of the 
central line of projected 
slit lights.

{6} Combination of 
image {3} and {5}.

{7} Extraction of the four 
feature points. 

{8} Coordinates operation 
of the four feature points.

{9} Calculation of the 3D 
position of the circular 
hole center.

{3} Circumference 
extraction of four regions. 

Fig. 8 Proposed procedure of the 3D position

measurement for the circular hole.

(a)

(b)

Laser slit 
light source

Laser slit 
light source

TV camera

TV camera

Laser slit 
light sources

Fig. 7 Photographs of the prototype sensor head, 

(a) front view and (b) side view.

Working distance 200 mm

Measuring range ±10 mm

Image size 1024(h)  768(v) (pixel)

Pixel resolution      0.65 mm/pixel

Wavelength 650 nm          

Table 1 Specs of the developed prototype sensor.



Fig. 9, was carried out. In the triangulation by

light-section method using a TV camera and a laser slit

light, it is necessary to obtain the relation between the

3D position coordinate of the target and the pixel

position of the slit light acquired with the TV camera

before actual measurement. Therefore, a calibration

board with which a circle with exact size was drawn

was used as a target board prior to the experiment.

Since the movement of the XYZ coordinate system is

exact, even if it moves the calibration board, the 3D

position of the drawn circle is known. The formula

which acquires the spatial relationship of this known

3D position of the circle and the image captured with

the TV camera was obtained, and the coordinate

system of the TV camera was proofread.

In the experiment, the surface of the target board was

diffused by shot blast processing, and a circular hole

with a diameter of 20 mm was cut at the center of the

board for evaluation. The target board was moved

within the range of ±7 mm at a step of 1 mm from the

reference position. The 3D coordinates of the circular

hole that were measured for every position in the XYZ

coordinate system were recorded. The differences

between the displaced distances in the XYZ coordinate

system and the changes in the distances of the obtained

position of the center of the circular hole were defined

as errors. The values of these errors were evaluated to

determine the accuracy of the measurements.

Figure 10 shows the variations in the error values

with respect to their measurement positions. In the

figure, the upper, middle, and lower panels show

results for the X, Y, and Z directions, respectively. As

compared to the results of the X and Y directions, the

reason for the small values of error in the Z direction

is considered to be as follows. During the calculation

of the position of the X direction, the extraction error

of the feature points which are the intersection points

at the left and right side influences the precision of the

measurement greatly. For the Y direction, the

extraction error of the feature points at the top and

bottom intersections have a similar influence. On the

other hand, for the Z direction, since the influences of

the extraction errors for the four feature points are

similar, the influence of the extraction errors on the

precision of the measurements is small. Although the

errors for the measurement are different for the X, Y,

and Z directions, the experimental results for all the

measurement locations show that the error values

are ±0.05 mm or less. This range can be considered

small, since the pixel resolution is 0.65 mm, which

verifies that the proposed 3D measurement method is

accurate. Moreover, the constructed prototype sensor

can measure one circular hole within 1 second.

Because the basic performance of the sensor was

confirmed, the sensor was installed in a factory line
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Target object

Laser slit light source

TV camera

XYZ coordinate system

Fig. 9 Experiment setup for the 3D position

measurement of the circular hole.
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and its applicability was evaluated, as shown in Fig. 11.

In the figure, the upper left image is a photograph of

an automotive body and the lower image is a

photograph of the sensor projecting two slit lights onto

a circular hole located on the automotive body. The 3D

coordinates of 3800 circular holes were measured. The

installed sensor operated without malfunction in the

factory line, and its applicability to an in-line

inspection was confirmed. The sensor is currently

being continuously evaluated in the automobile

production line in order to finalize the structure of a

practical sensor system.

5. Summary

A method for measuring the 3D position of a circular

hole was developed. A measurement accuracy

of ±0.05 mm or less (working distance: 200 mm) was

obtained when using the prototype sensor. Moreover,

since it was confirmed that the developed sensor can

be applied to the automobile assembly process, the

validity of the sensor is currently being evaluated in a

factory line.
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Automotive body

Circular hole

Fig. 11 Experiment scenery in the automotive

production line.
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