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Abstract: 

A common problem of quality control and inspection of circular paris is the measuremenl 
of their roundness. Errors in rounded objects can greatly affect t~e accuracy and function of 
assemblies. Therefore, there is a requirement to develop' automatic inspection methods fo r the 
inspection of roundness. This paper introduces a new approach for measurement and 
inspection of roundness using computer vision. Tile vision system has been established in the 
metrology lab and it is used to capture images for objects 10 be measured or inspected. A 
software (named RoundVision) has been especially developed in-house using Microsoft 
Visual C++ to analyze the captured images and perform the measurement and illspection 
processes. Unlike the convent ional methods. the proposed system has the advantage of being 
non cOnlact method and much near to the rea lity because all poinls on the contour of the 
objects to be measured are considered. In addition, the system is capable of measuring fInd 
inspecting multiple rounded features ·in the same part, whelher il represents the ex ternal fralllc 
or internal holes. The system has been calibrated for both metric and pixel units. To verify the 
introduced system, sample circular parts were used to measure their roundness error by the 
introduced system and a commercial system (Round test RA-IOO), then the results were 
compared. The maximum difference between the results of the two systems was :!: 7 .22%. 

Keywords: Circularity, Computer vision, Image processing, lnspectioll, Roundness . 
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1. Introduction 

Circular feature is one of the most basic 
geometric elements of mechanical parts. 
Whether or not circularity error can be, 
evaluated accurately and efficiently it wilJ 
directly inHuence (he mechanical products 
performance and life [I J . . 

According to the geometric roundness 
tolerance standard, the whole profi le of 
rounded parts must be measured to fully 
describe the characteristics of roundness 
[2]. For conventional instruments, the 
number of sampling points is limited in 
practical measurement. Therefore, it is very 
difficult, even impossible for these 
instruments to perform the roundness 
measurements according to the present 
standards. Furtllermore, measuring the 
whole profile by these instruments 
complicates the measurement process and 
increase the time of the measurement 
process. To meet the geometric roundness 
tolerance slandard, the coordinate 
measuring machines (CMMs) have been 
recently used in automated inspection for 
both the on- line and off-line inspection of 
manufactured components. It can be used to 
measure roundness errors by collecting a 
large number of sampling points rrom the 
profile of the rounded parts. However, the 
coordinate measuring process of CMMs is 
expensive and very time-consuming if a 
desimble large set of measured points is 
co llected 

With the advent of low-cost digital 
computers, machine vision systems have 
emerged as a financially viable device in 
automated manufacturing systems. In 
addition, the developments in image 
processing, c'omputer vision, artificial 
intelligence and other related fields have 
significantly improved the capability of 
visual inspection techniques [3, 4). A 
machine vision 'system with a typical 
512x5 12 image processor can collect a huge 
amount of boundary points within a 
reasonably short lime if compared with the 
CMMs. Furthennore. machine vision can 
rea lize the non-contact inspection of 
products whi le most roundness measuring 

instruments are contact-type. The 
development ofa machine vision sys\cm ror 
inspection has rece ived considerable 
attention [5-9). The adv<llltages of using 
such automa~ic systems include a decrease 
in the time required for measurement .as 
well as the greater accuracy of 
measurement ,md better fiexibility than the 
conventionallllethods. 

Because machine vision is only Dn 

accurate and efficient data antenna. it 
requires assessment algorithms for distinct 
inspection func tions. Therefore. the study 
of effective algorithms specific to 
manufactured parts and error ana lys is 
becomes imperati ve In vision-based 
inspection. This work aims to introduce a 
set of computer vision algorithms that can 
be used to measure and inspect" the 
roundness error from the captured 1I11<lgt:S 

of circular pans. 

2. Background of Roundness 

Roundness measurements are primarily 
classified into two ' categories [10]: 
diametral roundness measurements and 
radial roundness measurements. Diametral 
roundlle.Ss measurements can be conducted 
using two-pOillt measuring instruments such 
DS micrometers. calipers or indicating snap 
gages. The primary error of two-point 
measuring process is that the measured 
points are limited in practice, and the 
midpoints are not located at the same 
posi tion in a plane. Radial ' roundness 
measurements are conducted using 
precision spindle instruments, which arc 
sophisti cated. expensive, and lime· 
consuming. 

According to the ISO t 101 standard. a 
roundness to lerance band is the i'.onc 
bounded by two canct:l1tric circles ut the 
same cross-scction whose radii difTerence is 
equal 10 the roununess tolerance value [II J. 
To realize the measurement of this di stance, 
a reference circle must be establi shed rrolll 
the measurement dala to minimize the 
maximum deviation between the rercrence 
feature and the aClllal reature . Four 
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reference circles are internationally 
accepted for roundness measurements tiS 

shown in Fig. I (1 2). These are: Maximum 
inscribing circle (MIC). Minimum 
circtunscribing circ le (MCC), Minimum 
zone circles (MZC) and Least squares circle 
(LSC). 

The MIC is the largest circle just 
contained by the profile of a workpiece. It 
is known as the plug gauge circle and is 
intended for shafts. The MCC is Ihe 
smallest circle thaI just contains the profile 
of a workpiece and it is also known as the 
ring gauge circle and is intended for holes . 
The requirement for finding the MZC is to 
detennine a pair of concentric circles. the 
annular zone between which IS tile 
narrowest and which will just contain the 
profile of a workpiece. The roundness error 
of the MZC is' then the width of the zone. 
The LSC is the circle chosen such that Ihe 
sum of the squares of the radial di stance of 
aU data points from the filling circle is n 
minimwn, 

The center position and the radius of the 
reference circle are important parameters to 
be estimated from the standpoint of their 
function in an assembly. In general , all four 
reference circles will have different 
parameters for any given profile. 

In a previous work [1 3], the aJgorithms 
and the mathematical calculations of the 
first three methods (MIC, MCC, and MlCj 
were discussed in details. In this paper, the 
algorithms and the mathematical 
calculations of the forth method (LSC) is 
explained and applied to calculate the 
roundness error using computer vi sioll . 
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3. Least Square Mathematics 

The method of least sq uares is used to 
solve a set of linear equations havi ng more 
equations than unknown variables, If the 
equations are linear, (he least·squares 
process will produce a direct solution for 
the unknowns. If the equations ore nol 
linear, an initial guess of the unknowns is 
required. and Ihe result is an adjustment to 
the initial parameters. This is repeated until 
Ihe result s converge (the adjustments 
become very close to zero). The linear case 
is an adjustment using zero as the init ial 
guess of all parameters. 

Many techniques were developed 10 
evaluate the circularity problem (14.19}. 
The most commonly used methodology 
involves Ihe fitting of the least square ci rcle 
[20·22) to the coordinate measuring data , 
This methodology is coded on Illost 
coordinate rneasurelnenl IJlachill ~s (CMM) 
software, 

The general equation of the circle is 
defined by equation I. Where (xo' Yo) is the 
center of the circle and r is the radius of the 
circle. 

(1 ) 

For (1 given set of two·dimens ional 
points deno ted by (x, . y,). tbe least-squares 
method for Circularity eva luation is to find 
the right cez:1ter location to minimize the 
objective function value. which is the sum 
of the squared errors of the data points from 
the fitted circle [23}. Thus. the objt:cli ve 
funct ion could be written as (ollows: 
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Fig.l: Reference circles flcccpled for roununesllll1casurcmcnts 
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3.1 linear solution: 

The equation of a circle is not linear in 
the wUrnown values xO' Yo and r and it can 
be written in the linear foml as follows: 

A(x2 + y1) + Bx + Cy = I 

Where: 

J - 21'0 
A=ll 2,B=1 1 " 

r - 1'0 - Yo r - l'o - Yo 

c = -2y, , , , 
r - 1'0 - Yo 

(3) 

The original unknowns can be calculated 
from equations 4, 5, and 6: 

-8 
Xo = 2A 

-c yo=U 

.J4A+Bl+C 2 

r = -'--'""--:=-C-'-''--
2A 

(4) 

(5) 

(6) 

The unknowns A, B, and C can be solved 
using equation 7. 

[

A] ~(.:) ~(a,b,) ~(a,c,) 
8 • I(a,b,) I (b,') I(b,c,) 
c' , , 

I (a,c,) I (b,c,) I (c:) 

., 

L>' , (7) 
Ib, , 
Ic, , 

Wherea, ='(1' /2 + y,2), b, :; X/ I C, = 1, 

Once the unknowns are caJculated, the 
center and Ole radius of the circle can be 
calculated using equations 4, 5, and 6. 

3.2 Nonlinear solution: 

Instead of solving for the linear 
parameters A. B, and C, it is more desirable 
to solve for the circle parameters xO' Yo' and 
r using an equation that minimizes the 
distance from the points to the circle. For 
the nonlinear so lution, equation 8 is used. 

(8) 

The solution of the circle parameters xO' 

Yo' and r require mulliple iterations. A 

starting gue.~s for these values is required. 
In this paper. the calculated values obtained 
from the linear solution are used as the 
starting values. The adjustments of the 
unknowns d-l"o • .6Yo' and .6r can be so lved 
using equation 9. 

Where : 

b = Yo - y, 
I ~ l J : < x, - 2xox, + Yi - 2yoY. + xo + Yo' 

C, = -1 • 

Once the unknowns are ca lculated. the 
circle parameters arc adjusted to (xo+.1xo), 

(Yo+6yo)' (r+.6xo)' respectivel y. The new 
circle parameters are used to recalculate the 
adjustments or the unknowns Aro< 6yo' and 
r. This iteration process is performed until 
the adjustment values becom~ close to zero. 

4, The Proposed System 
Fig. 2 shows a photograph of the 

proposed vision system. It consists of two 
main parts, hardware and software as 
follows: 

4.1. System Hardware 

By referring to Fig. I, the capturing 
system consists of three items. The first 
item is the backlighting table ( I), which is a 
lighting box with diffusing surface at its 
front. and it is used to produce a back 
lighting for the product to be measured (2) . 
The second item is a CCD color video 
camera (3) and a set of lenses with differenl 
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RoundVl8lon & 

Fig 2: Photograph or the proposed vision syslem 

focal lengths. The camera is carried by a 
camera holder (4). The third item is a 24 bit 
per pixel (ELF VGA) frame grabber video 
card (5), which is installed inside the PC 
computer (6) and connected to the CCO 
camera. A capturing software (7) is 
provided with the frame grabber to acquire 
images and save it to files with various 
types of file formats. 

4.2. The Developed Software 

The developed software (named 
RoundVision) is fully written in-house 
using Microsoft Visual C++ as a J2-bit 
Windo\-,,; application. It features many 
image processing and computer vision 
algorithms to measure and inspect the 
roundness error of circular parts from their 
captured images. Fig. 3 shows the main 
interface of the RoundVision software. 

To perfonn the measurement or 
inspection process, the object to be 
measured Or inspected is set on the 
backlighting table then an image is captured 
and saved to a BMP file using the capturing 
software. The captured image is then 
opened by the RoundVision software and 
analyzed to perfoml the measurement and 
inspection processes. 

5. Software Algorithms 

To perform the measurement and the 
inspection processes, ·two inpu ts are 
required from lhe user through the main 
interface shown in figure 3. The first input 
is the diameter of the object to be measured 
and it is used to calibrate the sy~tem. The 
second input is the maximum allowable 
value for roundness error and it is used for 
inspecti on. Several image proces::;ing alld 
computer vision algoritJlms are applied 10 

the captured image to perform the 
measurement and inspection processes. Fig. 
4 shows a process flowchart of these 
algorithms and the next sections describe 
them. 

5.1. Image Segmentation 

The captu(ed images obtained by the 
frame grabber are usually color images. To 
measure the roundness of ci rcular objects, 
only the edge' pixels of these circular 
objects should be con~ jdered . This can be 
done by converting the co lor images into 
binary images, in which only two colors are 
presented (b lack for the object and white 
for the background), then finding the edge 
pixels using an edge detect ion algorith m as 
it will be discussed in the nexI section. 
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Fig. 3: Main interface of the RouudVisioD software 

Two sleps are required 10 convert color 
images inlo binary images: (I) converting 
the color image to gray image and (2) 
calculating a threshold value to distinguish 
object pixels from background pixels. The 
color image can be converted iJ.1to gray 
image by sening the three components of 
each pixet's color (Red, Green, and Blue) to 
the same value according to the following 
equation: 

GI- . 299Rc + .587 Ge + .114 Be 

Where: Gl is the gray level of the pixel; 
Re, Ge, and Be are the red. green, and blue 
components of the pixel color, respectively. 

Once the color image is converted to 
gray image, the frequency of each gray 
level is calculated then the two gray levels 
having the maximum frequencies are used 
to calculate a threshold value as follows: 

T = Abs((Glm~1 - GI",~'; /2) 

Where: T is the tbreshold value. G/maxi 

and Glmos] are the two gray leve ls having 
the maximum two frequencies. 

To obtain the binary image. all pixels 
having gray leve ls greater than the 
threshold are converted to black pixe ls and 
other pixels are converted 10 white pixels. 

5.2. The Edge Detection Algorithm 

The edge detection algorithm creates an 
edge image contains only the edge pixels in 
the binary image. It scans the binary image 
and compares the color of each pixel with 
the colors of its eight neighbor pixels. If the 
color of the checked pixel is 0 (black) and 
the color of any of the eight neighbor pixels 
is 255 (white), then the pixel is marked as 
edge pixel. Otherwise, the pixel is marked 
as background pixel. This algorithm can be 
programmed as follows: 
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Fig 4. Process flowchart of the RounrJVisioll 
algorithms 

If(Ccp = o AND Cnl8 = 255) Then 
Mark the pixei as an edge (Ccp =O) 

Else 
Mark (he pixel as a background 
(C,p=255) 

Where Ccp; is the color of the current 
pixel (pixel to be checked), Cn l:~ is the 

color of any of the eight neighbor pixels, 0 
represents the black color, and 255 
represents the white color. 

Fig. 5-a shows an enlarged pari of a 
circular part image obtained by the edge 
detection algorithm. As shown in the fi gure . . 
the obtained edges are relatively thick due 
to the detection of some pixels which 
satisfy the above condition and loca ted 
inside the circular part. These pixels will 
increase the calculated roundness error 
when the least square method is applied. To 
overcome this problem, the edge thinning 
algorithm was developed to remove these 
extra pixels from the detected edges. 

///-~-
(al (bl 

Fig 5: Results of the Ellge Detection (3) and 
the Ellge Thinning (b) algorithms 

5.3. The Edge Thinning Algorithm 

The edge thinning algorithm searches the 
edge image and compares the color of each 
pixel with the colors of their eight neighbor 
pixels. If any two successive neighbor 
pixels (figure 6) have the same color as the 
pixel 10 be checked, then the pixel is 
marked as a background pixel. This 
condition can be written programrnullca!ly 
flS follows: 

If (C,,=O AND (C", =0 OR C",=O) OR 
(C,, - O AND (C .. ,=O OR C",=O) OR 
(C,,=O AND (C .. ,=O OR C",=O) OR 
(C,,=O AND (C .. ,=O OR C8=O)) 

Then 
Mark the pixel as a background 
(C,,=255) 

Where: Cr;p is the COIOf of the current 
pixel (pixel to be checked), C"I, ClI}, ... , c,.8 
are the co lors of the eight neighbor pixels. 

Fig. 5-b shows the results of appl yi ng 
the edge thinni ng algorilhm (0 the same 
image in figure 5-<:1. 
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Neighbors 1,2 

Fig. 6: Gray pix~ls are removed by the edge 
thinning algorithm in these CDses 

5.4. The Edge Labeling Algorithm 

The captured images may contain more 
than one circular part; therefore, the edge 
pixels of each circular part should be 
labeled individually so that the roundness 
error of each pan can be calculated 
separately. The edge labeling aJgorithm is 
used to create a labeled image from the 
edge image, in which the pixels of each 
circular part are labeled with different 
color. This algorithm uses the general 
pro<:edure outlined in reference [24]. which 
can be summarized as follows: 

t - Apply Run-length algorithm 10 encode 
the edge pixels image. 

2· Scan the runs and assign preliminary 
labels to each run , then record the label 
equivalences in a local equivalence 
table. 

3· Resolve the equi valence classes. 
4· Relabel the runs based on the resolved 

equivalence classes. 

5.5. The Roundness Error Algorithm 

The roundness error algorithm applies 
the least square method , discussed in 
section 3, to calculate the roundness error as 
follows: 

I· The labeled image is scalmed using left 
to right and top to bottom order, then the 
coordinates (x, y) of the edge pixels of a 
selected part (color) are extracted and 
stored to an array called EdgePixels. 

2- The least square method is applied 10 (he 
pixels stored in the EdgePixels an-ay to 
calculate the center and radius of Ihe 
least square circle. 

3- The distances between the calculated 
center and all pixels in the £dgePixels 
array are calculated, then the minimum 
and the maximum di stances are obl<lined 
(Rmin, Rmcu)· 

4- The roundness error is calculated by 
subtracting R"",, from Rma.r (Rnw:>: - R",,.,,). 

5.6. The Roundness Profile 
Algorithm 

The pixels stored in the EdgeFixels array 
are usually not sorled due to the scimning 
process discussed above. This docs no( 
affect the calculation orlhe roundness error; 
however, the roundness profile cannot be 
drawn unless these pixels are sorted 
sequentially. Therefore, the roundness 
profile algorithm is used to perform this 
task. 

If EP represents the EdgePiXl!/s array. N 
is the number of pixels in thi s array, 
Ge!Disf is a function to calculate the 

. distance between two pixels; i, j, C/ArDis!, 
MinDis( and tempP are local programming 
variables, then the following c code can be 
used to sort the pixels in EP array 
sequentiall y: 

for (i = 0 ; i < N-l; i++) 

I 
MinDist == GetDist(EP[ij ,EP[i+l)l; 
for (j = i + 2; j <·N; j++) 
( CurDist == GetDist(EP[i]'£P[j)); 

if (CurDist < MinOist) 
{ tempP == EP(i + 1]; 

EPli + II =EP(jl ; 
EP(jl == tempP; 
MinOist = CurDist; 

Once the Edge Pixels array is sorled. the 
roundness profile is drawn by connecting 
each two successive pixels by a sho rt line. 
Figure 7 shows the roundness profile of a 
sample circular part drawn by this 
algoriOun. 
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Fig. 7: Roundness profile ora sample circular pa rt 

5.7. The Edge Smoothing Algorithm 

Due to the digilization (capturing 
images) of the actual profile of the object to 
be measured, the extracted edge pixels may 
include some 'noise, which affect the 
roundness cnOT and the roundness profile. 
The edge smoothing algorithm is used to 
filter the edge . pixels by adjusting their 
coordinates so that the coordinates of each 
pixel are adjwled to be equal to the average 
of the coordinates of two or more 
successive pixels . The number of pixels 
used to calculate the average coord inates is 
called smoothing factor. A smoothing factor 
equal to five means that the coordinates of 
each pixel will be set to the average of the 
coordinates of fi ve successive pixels. Figure 
8 shows the effect of the smoothing factor 
on the roundness profile of a sample 
circular part. The fo llowing c code can be 
used to apply the smoothing edges 
algoriUun. 

for (i = 0; i < N; i++) 
( sumX = 0 ; SumY = 0; 

for (j = i ; j < i + SF; j++) 

I 
if (j < 0) 

f sumX += Xi[N- j) ; 
SumY += Yi(N- j) ; 

.lse if (j > N 11 
( sumX += Xi[j N) ; 

SumY += Yi[j Nj; 

else 
sumX +== Xi [j] ; 
SumY +== Yilj1 ; 

tempX[il = s umX I SF; 
tempY[il = SumY / SF; 

for (i = 0; i < H; i++) 
Xi [i] = t empX{ij ; 
'ti{i] = tempY{i] ; 
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Fig. 8: Effect or Ihe smoothing fador on the roundnCS.$ prolile 

Where: SF is the smoothing facto r; I , }. 

SumX, SumY are loca l programming 
variables, N is the number of edge pixels of 
the circular part, Xi[j, Yi[j are the arrays 
store the x and y coordinates of the edge 
pixels; fempX and tempY are temporary 
arrays to store the calculated averages. 

To study the effect of the smoothing 
factor on the roundness error, a perfect 
circle (roundness error = zero, theoretically) 
was draw by an image processing software 
then the image of this circle was opened by 
the Rou ndVision software and the 
roundness error was ca1culated for various 
values of the smoothing factor. Figure 9 
shows the effect of the smoothing factor on 
the calculated roundness error. It is clear 
that increasmg the smoothi ng factor 
decreases the calculated roundness error up 
to a certain value ( 15 pixels), then its effect 
can be neglected. 

Although the expected roundness error 
for a perfect circle is theoretically zero, 
there was a fixed error fo r each value of the 
smoothing factor. The fixed error ranged 
between 1.978 (for SF= I) and 1. 136 (for 
SF=15) pixels. Therefore , th is fixed error 
should be taken into consideration while 
calculating the actual roundness error. The 
equation of correlation between the fixed 

error (FE) and the smoothing fHctor wos 
obtained from Excel to be used during the 
calibration process. 

u 
~l.) . 1Hl.() JSI '· O. 11 1'j~r·l O'iO 

R' .9.92n-{l l , 

=- 1.1 
I'\. 
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Fig. 9: Effect of the smoothing factor on the 
calculated roundness error 

6. System Calibration 

The system ca libration is performed by 
calculating the pixel size in both x and y 
directions according to the actual size or the 
object to be measured as follow : 

1- The user enters the actual diameter 
(DoclUQd of the measured object (in 
millimeter) to the RoundVision software. 
If the measured object contains more 
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than one circular part, the size of the 
Quter part (maximum diameter) should 
be entered. 

2- The software searches the edge pixels of 
the outer contour to find the two pixels 
having the minimum and the maximwll x 
coordinates. then it calculates the 
maximum diameter of the captured 
image in x direction (Dmaxx ) as follows: 

Dmax, = Abs(X_ - Xm,,J 

Where Xm<u and X",,,, are the maximum 
and minimum x coordinates of the edge 
pixels of the outer contoUr, respectively. 

3- A calibration [actor in x directi on (CFx ) 

is calculated as follows: 

CFx = Dactual / Dmaxx 

4- Similarly. a calibration factor "in y 
direction (CFy) is calculated by applying 
step 2 to fmd the two pixels having the 
minimwn and the maximum y 
coordinates, then CFy is calculated as 
follows: 

CFy = Doc~1 / Dmaxy 

5- All x coordinates of the edge pixels are 
multiplied by CFx and all y coordinates 
are multiplied by CFy . 

6. A primary roundness error (REpr;"",ry) is 
calculated by applying the leas! square 
circle technique to the edge pixels. 

7- Using the equation of correlation 
between the fixed error (FE) and the 
smoothing factor (SF). which was 
obtained from Excel, the fixed error is 
calculated in pixel according to the 
smoothing factor entered by the user as 
follows: 

FE pucJ = 3.732 E-] SF - O. 1175 SF + 2.050 

8. The fixed error is then calibrated and 
calculated in millimeters (FEm",) as 
follows : 

FE""" = FE,,,,,,,.JCF~'" CF). 

9. The final roundness error (REp flU1) is 
calculated as follows : 

RE = RE -FE 
fi"al I'''''''~''' ,.m 

7. System Verification 

To verify the introduced system, three 
specimens with 25:4 mm diameter were 
measured by a commercial roundness 
instrument (Round test RA-IOO) and the 
introduced system. The results are listed in 
table I. [t ca~ be seen that the difference 
between the result s obtained by the two 
systems does not exceed ±4.4%. 

8. Inspection of Roundness 

The inspection process is performed by 
comparing the calculated roundness error 
with a reference value, which can be set 
through the tnspecti on section in the main 
interface shown in figure 3. The reference 
value could be selected as linear, nOll­

linear, or both least square methods rrom 
the Reference Value combo box, then the 
maximum allowable error for each method 
is entered. If the calculated roundness error 
is less than or equal to the reference value, 
then the inspection decision will be 
"Accepted", otherwise it will be "Rejected". 

The calculated roundness error o r any 
circular part can be set as a reference value 
for inspection by clicking the Set as 
Reference button in the Roundness 
Measurement sf(ction. 

Table 1: Comparison beh'l'een the results obtained by Roundtest RA-100 
an d I· d d t Ie mlrQ uce ~stem 

Specimen No. 
Roundtest inslrument Vision system Difference Error % 

(~m) (~~) (~m) 

I 3.89 4.062 ·0. 172 -4.42 
2 4 .12 3.941 0.179 4.34 
3 4.50 4. 175 0.325 7.22 
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9. Conclusions 
A vision system has been introduced as 8 

new approach for measurement and 
inspection of roundness error of circular 
parts from their captured images. The . 
system has the advantages of being non­
contact method and satisfying the geometric 
coWldness tolerance standard. A software 
has been developed in·house to analyze the 
captured images and perform the 
measurement and inspection processes 
wing many image processing and computer 
vision algorithms. 

The system has been calibrated and 
verified by measuring the roundness error 
of sample circular parts using the 
introduced system and a commercial system 
(Round test RA·IOO), then the results were 
compared. The maxImum difference 
between the results of the two systems was 

*7.22%. 
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