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The current methods of measuring screw threads either time
consuming or expensive. In addition, no single mesment method is
available and capable of accurately measuring afesv thread features
while significantly reducing the measurement timEhis paper
introduces a vision system for automatic measuréet inspection of
most types of screw threads. Many image procesairdy computer
vision algorithms have been developed to analygedptured images of
screw threads and perform the measurement and ¢tispeprocesses.
Most of the common screw thread features (18 feajuccould be
measured by the introduced vision system. The mydias been
calibrated for both imperial and metric units andasv verified by
measuring a standard ISO metric thread plug gage eomparing the
results of the measurements with the standard salliee results showed
that the maximum difference between the standaddnaeasured values
was 15.40/m, which provide a good accuracy for measurement.

KEYWORDS: Screw threads, Thread measurements, Thread
inspection, Computer vision, Image processing.

1. INTRODUCTION

Threaded pipe joints are commonly used in variowdustries such as petroleum,
transport, mining, etc [1]. In addition, screw s probably are among the most
important of all machine elements [2]. Due to tlesib design of a screw thread,
which involves helical geometry, screw thread tetbgy is complex [3]. Methods of

measuring threads are as varied as the threadse¢hers. These methods include
profile projectors, measuring microscopes, 3-wimés) screw thread micrometers and
V-groove micrometers. On the other hand, methodthi@ad inspection range from
lasers to fixed and variable limit gauging.

There are about 30 separate geometrical featured @imensional
characteristics in the design and constructioncodws threads [4]. The most rigorous
standard in the United States inspects 11 majeathcharacteristics [5]. In addition,
recent researches [6, 7] explored the effect adatirdimensional nonconformity on
fastener performance and it was reported that diiroaal nonconformity of 150% out
of tolerance for pitch diameter yielded a 4% redurcin tensile strength. Therefore,
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the measurement and inspection of screw threadveageimportant to ensure the
required degree of accuracy and conformity [8, 9].

Due to the importance of measuring screw threatlfes, research in the field
of measuring screw thread is still underway. Faaneple, Laczik [10] introduced a
derivation of geometrical features of the screwfaas with the exact mathematical
forms. Fujun et al. [11] presented a method, whiskd optical techniques and image
processing techniques to measure the physical diowerof tube thread and give
further analysis. Hongyan and Guoxiong [12] introeldl an online contact measuring
system that can automatically detect large screeatts by using the neotype gauge
head of threads. They used spectrum analysis ttyzenghe dynamic error and to
obtain the data of the functional diameter. Theyorted that the neotype gauge head
of thread is capable to get the error and theivelahanges of the functional diameter
of the screw thread. Tong et al. [13] introducexystem for automatic measurement of
screw thread parameter based on the theory of lasasurement. The inspection and
estimation of the screw thread contour were doriaguposition sensitive device
(PSD) to measure the coordinate data of the sdnesad contour and using precise
raster to measure the axial displacement of theigiom worktable. Gadelmawla [14]
developed a non-contact measurement system usingeasurescope, personal
computer and developed software, for measuringismgkcting most of the common
types of screw threads.

The current methods of measuring screw threadsitirer time consuming or
expensive. In addition, no single measurement noeiboavailable and capable of
accurately measuring all screw features while $icamtly reducing the measurement
time. Therefore, the measurement and inspectionsafew threads has been
emphasized by many researchers. On the other hasidn systems have been
recently used in many applications [15-18]. In #&ddi vision systems have been
developed for quality control and started to bedus® an objective measurement and
evaluation systems [19].

The aim of this work is to develop a non contacasuging system, based on
the computer vision techniques, for measuring amgpdcting the most common
features of most types of screw threads.

2. THE PROPOSED VISION SYSTEM

The proposed vision system comprises two main phdsdware and a developed

software. The hardware is used to capture imagesd@w threads to be measured
and the software is used to analyze the capturagémand perform the measurement
and inspection processes.

System Setup

As shown in figure 1, the hardware consists of éhitems. The first item is the
backlighting table (1), which is a lighting box Wwitliffusing surface at its front, and it
is used to produce a back lighting for the thrembe measured (2). The second item is
a CCD color video camera (3) and a set of lenséis different focal lengths. The
camera is carried by a camera holder (4) and doisnected to a PC computer (5)
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through a USB connectioCapturing software is provided with the CCD camiera
acquire images with different resolutions up to M2 (2048*2048 pixels).

The developed software (6), named MISTVision (Measient and Inspection
of Screw Threads by Vision), is fully written indnge using Microsoft Visual C++ as
a 32-bit Windows application. It features many imggocessing and computer vision
algorithms to measure and inspect screw threadriesafrom captured images. Fig. 2
shows the main interface of tMISTVisionsoftware.

Fig 1: Photograph of the proposed vision system

2.1 Capturing Images

Before capturing images for screw threads to besorea, the vision system was
adjusted to capture images that satisfy the folovariteria:

1- The screw thread to be measured is set on ttidigiating table so that its axis
appears horizontally in the captured image as showg. 2.

2- The CDD camera is adjusted so that the imaghefcrew thread appears as
maximum as possible in the capturing software wimndo

3- At least, three complete threads should appetra captured image for both the
upper and lower profiles of the screw thread.

4- The left and right sides of the captured imadwysusl be opened, i.e., there is no
background at the left or right sides of the image.

5- The size of the captured images will affect élceuracy of measurement, as it
will be discussed in section 5-3; therefore, th&on system was adjusted to
capture images of size 2048*2048 pixels to obtainodg accuracy
(50 Im/pixel).
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a5l ThreadVision Software (E\My Papers\4-Prof\Papers\13 Thread Vision\Images\EdgeCurveThread_Reference.omp) ‘L@‘ihj
Preview (Labeled Image) Thread Measurements
Open Image ...
Thread Feature Value  Units
Image Processing Major diameter 12000 mm
Processed Image Minor diameter 7723 mm
Labeled Image = Effective diameter 10,301 mm
- Pitch 3.526 mm
Threshald 142 |5
Axial thickness 1763 mm
Reset Threshoid Crest Truncation 0.504 mm
Root Truncation 0.065  mm
Save Image ... Crest Width 0.5  mm
Root Radius 0.343  mm
B Addendum 0.850  mm
Maijor Dia.  Units Dedendum 1289 mm
12 mm v Actual depth 2.138 mm
Theoretical depth 2707 mm
Inspection Flank angle 1 30,052  deg
EEEEEEEE—— Flank angle 2 30,141 deg
| Eelcmacees Thread angle 50.183  deg
Threads per inch 7204 —
fiscuslicke Threads per cm 2836
o
| setasReference | | save..
Ll Multi Measurement List (MML)
[ oadd | [ vew | [ Reset |
V| Automatic Calculation
= Settings
‘ Calculate ‘ ¥ iFit Image to Window:
[¥] Use Thined Image while calculations
[¥] Enable Tool tips
[T Hide Background color of the left side bar
Details:
| T | Thread Classification and Data ~ | Gow. |
‘ Aot ‘ ~  Progress: Ok
‘ Close ‘ Calibration Scale: 1 pixel = .97 pm Xz 2035, Y: 2030 Processing time = 5.4 sec

Fig. 2 The main interface of the MISTVision softwar

3. THE DEVELOPED ALGORITHMS

Several image processing and computer vision dlgos are applied to the
captured image to perform the measurement anddtispgorocesses. Figure 3 shows
the procedures of applying these algorithms andath@wving sections explain them.

3.1 Image Processing Algorithms

The aim of the image processing algorithms is toaex the coordinates of the pixels
that constitute the upper and lower profiles of siceew threads. These coordinates
will be utilized by developed computer vision algfems to measure the screw thread
features. The image processing algorithms applexé include image segmentation,
edge pixels detection (EPD), edge pixels thinniBBT), edge pixel labeling (EPL),
and edge pixels arrangement (EPA). The first ttadgerithms were explained in a
previous work [20]. The next subsections descrith bhe edge pixel labeling (EPL)
and edge pixels arrangement (EPA) algorithms.

3.1.1 Edge Pixels Labeling

The edge pixels labeling (EPL) algorithm creatdstzeled image from the thinned
image, created by the edge pixels thinning algorjtto distinguish between the upper
and lower profiles of the screw thread. In the labbémage, all pixels of the upper
profile are assigned a unique color and all pixdlshe lower profile are assigned a
different color.The EPL algorithm works as follows:
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Capture an image for screw Apply the Inversion Pixel Extraction (IPE)
thread to be measured algorithm to extract the crest and root
v inversion pixels
Open the capture image by the
g MISTVision software Apply the Crest and Root Pixels Extraction
= v (CRPE) algorithm to define the crest and root
2 Enter the major diameter of the lines then extract all pixels lie on the crest
T screw thread to the MISTVision and root lines
Specif ¢
Y pecity Apply the Crest and Root Pixels Grouping
Inspection algorithm (CRPG) to mark each group of
v parameters successive pixels by a unique group number, -
B JENP, AR T then extract the coordinates of the firstand | &
Apply median filter to remove « last pixel in each group. x
noise 1 )
* <
- Apply the Crest and Root Groups S
Convert the image to grayscale, Classification (CRGC) algorithm to classify the | @
then convert it to binary image crest and root of the screw thread as vertex, 2
* edge, or curve ‘3
Apply the Edge Detection g'
algorithm to extract edge pixels S

Apply the Crest and Root Data Calculation
(CRDC) algorithm to calculate the main data
of the crest and root according to their
classification

!

Apply the Edge Pixel Thinning
(EPT) algorithm to remove extra
pixels from the detected edges

Image Processing Algorithms

Apply the Edge Pixel Labeling Apply the Screw Thread Parameter
(EPL) algorithm to label the pixels Calculation (STPC) algorithm to calculate all
of the upper and lower profiles features of the screw thread

!

If the screw thread is to be inspected, apply
the Screw Thread Inspection (SCI) algorithm
to take an inspection decision

Apply the Edge Pixel
Arrangement (EPA) algorithm to
sort the pixels of the upper and

lower profiles sequentially

Fig. 3 Procedures of the measurement and inspegataaess by MISTVision software

1- Search thg coordinates of all pixels in the thinned imagdina the minimum
y coordinatesymi,). This value, of course, will be for a pixel liea the upper
profile of the screw thread, provided that the fiesiy coordinate of the images
is going from top to bottom.

2. Similarly, search thg coordinates of all pixels in the thinned imagdinal the
maximum y coordinateyf..,), which will be for a pixel lies on the lower pilef
of the screw thread.

3- Calculate the intermediate value of y coordin@tg), which lies between the
minimum and the maximumcoordinates, as follows:

Ymid = Ymin + ((ymax - ymin) / 2) (1)

4- Mark all pixels that havg coordinates greater thanig as upper profile pixels
and mark all pixels that hayecoordinates less thgtiq as lower profile pixels.

After applying the EPL algorithm, the coordinatégte upper profile pixels
are extracted and stored in 2-D array in the fofrdgperEdgePixels(x, yBimilarly,
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the coordinates of the lower profile pixels arerasted and stored in the form of
LowerEdgePixels(x, y)

3.1.2 Edge Pixels Arrangement

The pixels stored in both thdpperEdgePixelsand LowerEdgePixelsarrays, which
were labeled by the EPL algorithm, are usually aotnged due to the scanning
process of the edge detection algorithm discusse/@0]. To deal with these two
arrays easily, the pixels in each array should tbanged sequentially according to
their positions in the thread profiles. Hence, tbdge Pixel Arrangement (EPA)
algorithm is designed to perform this process.dx@mple, to arrange the pixels in the
UpperEdgePixelarray the algorithm works as follows:
1- Search all pixels in thelpperEdgePixelsarray to find the pixel that has the
minimumx coordinate and mark it as the first pif(x, y1) in the array.
2- Use equation 2 to measure the distances betwmenfirst pixel and all
remaining pixels in th&JpperEdgePixelsirray.

d =y(x, =% ) +(y, - v.) 2)

Where:x,, y; are the coordinates of the first pixel apdy, are the coordinates
of pixel numbem in theUpperEdgePixelarray.

3- Mark the pixel that has the minimum distancetl@s second pixel in the
UpperEdgePixelsirray.

4- To find the third pixel, repeat steps 2 and 3r@asure the distances between
the second pixel and the remaining pixels, thenknthe pixel that has the
minimum distance as the third pixel.

5- Repeat step 4 to arrange all remaining pixelsom@ing to their minimum
distances from the previous pixel.

The result of the EPA algorithm is a list of pixelsanged sequentially from
left to right. The two lists shown in the left sideFig. 4 shows the extracted pixels of
the upper and lower profiles after applying the E&@orithm on the sample thread
shown in Fig. 2.

3.2 Computer Vision Algorithms

Six computer vision algorithms were developed tlcudate the screw thread features
(18 features) and one algorithm was developeddpect the screw threads. Once the
coordinates of the upper and lower profiles arearaged sequentially by the EPL

algorithm, the computer vision algorithms are aggplio perform the measurement and
inspection processes as discussed in the follosubgections.

3.2.1 Inversion Pixels Extraction

For screw thread profiles, the inversion pixels #re pixels at which the profile
changes its direction as shown in Fig. 5. For arglpn the screw thread profile, the
direction of the profile can be calculated by satting the y coordinate of that pixel
from the y coordinates of both the previous and pexels. If the two values have the
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same sign (positive or negative), then the pixedassidered an inversion pixel. The
inversion pixels are useful to calculate the ceexd root lines of the screw threads;
therefore, the Inversion Pixels Extraction (IPEjcaithm has been developed to
extract all inversion pixels from the edge pixefdte upper and lower profiles. For
example, the IPE algorithm extracts the inversiaxelp of the upper profile as

follows:

- ~
Inversion Pixels of the Thread Profiles Iéj

Edge Pixels Inversion Pixels

Upper Profile (2821 pixels) Upper Frofile {7 Pixsls)

Mo % ¥ = Mo Pixel Mo X Y Location
] 1 40— 0 465 325 127 Crest

.3 2 459 1 931 623 557 Root

2 2 458 2 1513 1035 127 Crest

3 3 457 3 1972 1332 557 Root

L = 456 4 2561 1744 127 Crest

5 = 455 5 3027 2041 557 Root

=] 4 454 5] 309 2453 127 Crest

7 5 453

a8 B 452

a -1 451

10 F 450 -
Lower Profile (2835 pixels) Lower Profile {7 Pixels)

Mo X ki = Mo | Pixel No X ¥ Location
o 1 2483 ! o 408 263 2110 Root

1 2. 24582 1 agl a77 2540 Crest

2 2 2481 2 14556 a72 2110 Root

3 3 2480 3 2039 1386 2540 Crest

4 3 2479 4 2504 1581 2110 Root

5 = 2478 5 3087 2095 2540 Crest

& = 2477 (=] 3552 2390 2110 Root

F o 24976

a8 [ 2475

9 a8 29474

10 7 2473 -

| Save | | Close l
LN

Fig. 4 Extracted Coordinates of the edge pixel$ ljigs) and Inversion pixels
(right lists) for the upper and lower profiles

1- Find the first two successive pixels which halifferent y coordinates, for
exampleyn, Yn+1-
2- Using the image coordinate system shown in Fjighe initial direction Dir ;)
of the profile can be calculated between thesepiwels as follows:
If Yo+1 < VYnthenDiry = Up, otherwiseDir,,; = Down.
3- Consider the initial directiorDfr ;) is the previous directiorDfrp,) for the
next pixels, i.e.Dirprey = Dir .
4- Loop through all remaining pixels in thdpperEdgePixelsarray and do the
following for each pixel. Considerthe pixel number of the current pixel.
a- Calculate the next directiorDirnex) Of the profile by comparing thg
coordinate of the next pixeli(;) with they coordinate of the current pixel
(y;) as follows:
- If yir1 <yi thenDir yex= Up
- Else If yii1 >y, thenDir yex = Down
- Otherwise, skip.
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b- If Dirprey andDir wey; are the same then skip, otherwise, do the follgwin
- If Dirnex= Down, then mark the current pixel as crest ineerpixel.
- If Dirnex= Up, then mark the current pixel as root invergpotel.
- SetDir prey = Dirnexc then loop to the next pixel.

The IPE algorithm uses the same procedures tootxtra inversion pixels of
the lower profile with one exception in step 4-lor Rhe lower profile, ifDiryex =
Down, then the current pixel is marked as root ligi@ pixel instead of crest
inversion pixel. Similarly, ifDiryex = Up, then the current pixel is marked as crest
inversion pixel instead of root inversion pixel.ertwo lists shown in the right side of
Fig. 4 shows the inversion pixels extracted by HPE algorithm for the upper and
lower profiles.

l—'x Crest Inversion Pix Crest Inversion Pix

Root Inversion Pix« Root Inversion Pix«

Fig. 5 Inversion pixels at the crest and root ef tipper profile (enlarged image)

3.2.2 Crest and Root Pixels Extraction

The Crest and Root Pixels Extraction (CRPE) alparihas been developed to extract
all pixels lie on the crest and root lines of tleeesv thread profiles. Based on the
geometry of the screw thread profile shown in Bigthe crest lines are the two lines
pass through the crest inversion pixels of the uppel lower profiles. Similarly, the
root lines are the two lines pass through the mee¢rsion pixels of the upper and
lower profiles.

As shown in Fig. 4, the upper right list represahts crest and root inversion
pixels of the upper profile. From this list, theest line of the upper profile can be
defined as the line connects between the first enesrsion pixel (pixel 465) and the
last crest inversion pixel (pixel 3609). Similartipe root line of the upper profile can
be defined as the line connects between the fist inversion pixel (pixel 931) and
the last root inversion pixel (pixel 3027). Simijarthe crest and root lines of the
lower profiler can be defined. Table 1 shows theaeted data for the crest and root
lines of the upper and lower profiles.
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Crest pixels Group’s space Crest line of the

| upper profile

N\ __ NS _ . e i b
Root pixels upper profile
Root pixel: Group’s space  Root line of the
{ 1 ,‘—’i | lower profile

Fig. 6 Usifigestasikeind root lines to extract ce8¥&0d0flRels

Table 1. Extracted data for thecrest and root lines of the upper and lower

profiles
, : First pixel Last pixel
Profile | Linetype 5 oiNo. | x1 | YL | PixelNo.| X2 | V2
Upper Crest line 465 326 127 3609 2453 127
Root line 931 623 557 3027 2041 557
Lower |Crestline 991 677| 2540 3087 2095 2540
Root line 408 263 | 2110 2552 2390 2110

Any pixel can be classified as crest/root pixethé perpendicular distance
(pd) between the pixel and the crest/root line is lyezqual to zero, i.e. 1pd>-1. For
example, the CRPE algorithm extracts the crestIpixé the upper profile by
calculatingpd between each pixel in tHépperEdgePixe array and the crest line of
the upper profile. All pixels satisfy the conditi@i 1>pd>-1 are marked as crest
pixel for the upper profile. The value pél can be calculated using equation 3:

Pd = (Xz - Xl)(yl ~ ys) - (Xl _ Xe)(yz _ yl) 3
\/(Xz - Xl)2 + (yz - 3/1)2

Where:pd is the perpendicular distanog, y; are the coordinates of the first
pixel (p,) of the crest line ang,,y, are the coordinates of the last pixgl)( xs,ys are
the coordinates of the pixel at whipl is calculated).
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For Cartesian coordinates, negative valugsdaheans that the pixgk lies to
the left of the crest line (looking from the firgixel to the second pixel), positive
values means that the pixgllies to the right of the crest line, and zero esluneans
that the pixelps lies on the crest line. For the image coordinateswvn in Fig. 5, the
opposite is true, i.e., negative valuespdfmeans that the pixek lies to the right of
the crest line and positive values means that itked p; lies to the left.

The crest and root pixels of the upper profile barextracted by applying the
following steps:

1- For each pixel in the upper profile, calculptebetween the pixel and the crest
line.

2- If pd< 1 andpd > -1, then mark the pixel as crest pixel.

3- For each pixel in the upper profile, calculptebetween the pixel and the root
line.

4- If pd< 1 andpd > -1, then mark the pixel as root pixel.

The crest and root pixels of the lower profile dsnextracted by the same
way. Fig. 7 shows the extracted crest and rootipifa the upper and lower profiles.
The number of crest pixels for the upper and loprefiles is greater than the number
of root pixels because the crest of the investiyaeead (Fig. 2) is a straight edge
while the root is a curve.

3.2.3 Crest and Root Pixels Grouping

The aim of the Crest and Root Pixels Grouping (CR&@gorithm is to extract useful
information about the screw thread from the crewt oot pixels extracted by the
CRPE algorithm. This can be done by applying thiefiong two steps:

1- Assigning each group of successive pixels ausgroup number.

2- Extracting useful information from the identdigroups.

3.2.4 Assigning each group of successive pixels a unique group
number
In this step, each pixel is assigned a unique gnowmber based on the distance
between the pixel and the next pixel. As shownim B, the distance between each
two successive pixels in the same group will beaédo 1 pixel and should not be
greater than 1.414/%). The space between each two groups of pixelsgsesented
by the distance between the last pixel in one geoupthe first pixel in the next group.
This space will always be greater than 2 pixelsagitering this, the CRPG algorithm
can group the crest pixels of the upper profile ekample, as follows:

1- Consider the first pixel is the current pixetassign it a group number of 1.

2- Calculate the distance between the current pirdlthe next pixel.

3- If the calculated distance is less than or etma pixels, then assign the same
group number to the next pixel, otherwise, increhgegroup number by 1 and
assign the new group number to the next pixel.

4- Move to the next pixel and consider it the cotngixel.

5- Repeat steps 2 to 4 for all crest pixels ofupper profile.

The root pixels of the upper profile as well as thest and root pixels of the
lower profile can be assigned a unique group nurabierg the same way. As shown in
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the last column of each list in Fig. 7, each pigehdssigned a unique group humber by
this algorithm.

-
Crest and Root Pixels [ﬁ
Upper Profile Lower Profile
Crest Picels (522 pixels) Root Pixels (54 pixels) Crest Poeels (402 pivels) Root Pixels (64 pixels)
‘ Mo Pixel X ¥ Group * || Mo  Pixel X Y Goup * ‘ Mo Pixel X ¥ Group * || Mo  Pixel X Y Gowp *
o 333 194 117 1 E 0 914 806 557 1 o 858 544 25340 1 E 0 393 248 210 1
334 195 127 1 1 915 807 557 1 859 545 2540 1 i 1 394 249 2110 1
2 335 1% 1277 1 2 916 808 557 1 2 860 546 2540 1 2 395 250 2110 1
3 33 197 127 1 3 917 808 557 1 3 861 547 2540 1 3 396 251 2110 1
4 337 198 127 1 4 918 610 557 1 4 862 548 2540 1 4 397 252 2110 1 =
5 33 199 127 1 5 919 611 557 1 = 5 863 549 2540 1 5 398 253 2110 1
[} 33 00 17 1 ] 920 812 557 1 [} 864 550 2540 1 ] 399 254 2110 1
7 340 a1 127 1 7 921 613 357 1 7 865 351 2540 1 7 400 255 2110 1
g 341 02 127 1 8 922 614 357 1 g 366 352 2540 1 8 401 256 2110 1
) 342 203 127 1 8 523 615 557 1 ) 867 353 2540 1 8 402 257 2110 1
10 343 204 127 1 10 924 816 557 1 10 868 554 2540 1 10 403 258 2110 1
1 344 205 127 1 1 925 617 557 1 1 869 555 2540 1 1 404 259 2110 1
12 345 206 127 1 12 9% 618 557 1 12 a7 556 2540 1 12 405 B0 2110 1
13 3 07 17 1 13 927 619 557 1 13 871 537 2540 1 13 406 281 2110 1
14 347 w8 177 1 14 928 620 557 1 14 872 558 2540 1 14 407 282 2110 1
15 M 209 127 1 15 929 621 557 1 15 873 599 2540 1 15 408 283 2110 1
18 | N T | 1 16 930 622 557 1 15 874 560 2540 1 16 1441 957 2110 2
17 350 211 177 1 17 931 823 557 1 17 875 561 2540 1 17 1442 958 2110 2
18 351 212 177 1 18 1982 1315 557 ¥ 18 876 562 2540 1 1B 1443 959 2110 ¥
19 352 243 177 1 19 1963 1316 557 2 19 877 5§63 2540 1 19 1444 980 2110 2
20 3 g 137 1 20 1984 1317 557 2 20 878 564 2540 1 20 1445 981 2110 2
21 324 215 127 1 Z1 1965 1318 557 2 21 879 565 2540 1 21 1% 92 2110 2
a2 335 218 127 1 22 196 1319 557 2 a2 880 366 2540 1 22 1#7 963 210 2
23 336 217 127 1 23 1967 1320 557 2 23 881 367 2540 1 23 1¥8 %4 2110 2
24 357 218 127 1 24 1968 1321 557 2 24 882 568 2540 1 24 18 985 21 2
25 358 219 127 1 -|| 25 1959 1322 557 2 = 25 883 569 2540 1 -|| 25 1450 986 2110 2 -
| Save | Close |

Fig. 7 Extracted crest and root pixels for the u@pel lower profiles

3.2.4.1 Extracting useful information from the identified groups

After assigning each pixel a unique group numbachegroup of successive pixels can
be considered as a short line. Therefore, usefainmation such as the start, the end,
and the length of each short line can be calculfited each group as shown in Fig. 8.
For each group, the coordinates of the start pai@tthe coordinates the first pixel in
the group. Similarly, the coordinates of the enthpare the coordinates of the last
pixel in the group. The length of each short lindhHe distance between the start and
the end points of each group.

3.2.5 Crest and Root Groups Classification

Based on the screw thread types, the root and caedbe classified as vertex, edge, or
curve. As a result, the shape of the screw threadde classified into the five groups
shown in Fig. 9 and Fig. 10-a. Based on this di&sgion, the Crest and Root Groups
Classification (CRGC) algorithm uses the informatiextracted by the CRPG
algorithm to classify the crest and root of theescthread. By referring to Fig. 9, the
CRGC algorithm can classify the crest and roothef wpper profile, for example, as
follows:
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-
Pixel Groups L&J
Upper Profile Groups Lower Profile Groups
Crest Groups (4 groups) Crest Groups {3 groups)
| Group Start Point End Point Length | Group Start Point End Point Length
| --- PixelNo  ¥s Ys Pixel Mo Xe Ye i | PixelNo  Xs Ys PixelNo  Xe Ye
i 333 194 127 465 326 127 132.000 1 853 4 2540 991 677 2540 133.000
2 1381 503 127 1513 1035 127 132.000 2 1306 1253 2540 2039 1386 2540 133.000
3 2429 1612 127 2561 1744 127 132.000 3 2954 1962 2540 3087 2095 2540 133.000
4 3477 2321 127 3508 2453 127 132.000

Root Groups (3 groups) Root Groupe {4 groups)

T
| Group Start Point End Point Length | Group Start Point End Point Length

| --- Pixel No ¥ ¥g Pixel No Ye Ye — === Fixel No Xs Ys Pixel No Xe Ye
1 914 06 557 931 623 557 17.000 1 393 243 2110 408 263 2110 15.000
2 1962 1315 557 1975 1332 557 17.000 2 14 957 2110 145 972 2110 15.000
3 3010 2024 557 3027 204 557 17.000 3 2489 1666 2110 2504 1681 2110 15.000
4 3537 2373 2110 3552 2330 2110 15,000

Save... | | Close |

Fig. 8 Results of the Crest and Root Pixels Grogip®RPG) algorithm

1- Assume a flank liné; connects the end pixel of a root groffa) (and the start
pixel of the next crest grouey).

2- For all pixels lie between the two pixeR.,(C,), use equation 3 to calculate the
minimum perpendicular distancepd,y) and the maximum perpendicular
distance [fdnay) between each pixel and the flank lihe

3- For the four cases shown in Fig. 9, use theutatied values opd.i, andpdyax
to classify the crest and root shape as showrbie & It should be noticed here
that the calculated values shown in the table ased on the image coordinate
system, not Cartesian coordinate system.

4- As shown in Fig. 10, use the lengths of thetaad root groupsJ;, Ce/ R, Ro),
which were calculated by the CRPG algorithm, tdidgaish between vertex
and edge shapes. If the group length is less thaixds, then classify the
crest/root as vertex, otherwise, classify the drest as edge.

After applying the CRGC algorithm, the crest andtrof the screw thread are
classified as shown in the upper section in Fig. 11

Table 2: Classification of the crest and root shapes according to the
minimum and maximum distances between flank pixels and the flank line

T.It';s:d pdhin PAax Crest Root
(a) POmin < -1 POma > 1 Curve Curve
(b) 1 >pdyin > -1 POna > 1 Curve Vertex/Edge
(c) POin < -1 1>pdy, > -1 Vertex/Edge Curve
(d) 1 >pdyin > -1 1>pdne, >-1 | Vertex/Edge Vertex/Edge
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Cs—l

Ce

fly fl2

1>pdmin>-1

Re Re

rR— LR R— LR
(a) Thread with curved crest and root (b) Threatth wiirved crest and straight root

Cs Ce

Cs Ce

pdmin<'1
Re Re Re Re Re
(c) Thread with curved root and straight crest (d) Thread with straight root and crest

1>pdmin>-1
Re R

Fig. 9: Classification of crest and root as straghd curve (magnified images)
(Cs Crest start, € Crest end, RRoot start, R Root end, & Arc start, A: Arc end,
pdyin: Minimum perpendicular distance, pd Maximum perpendicular distance)

Ce
Group length > 2

Cs Ce_l/— Group length < 2 C:r|

1>pdm\n>‘:L
1>pdmin>-1 1ot ]

1>pdmae-1

|_ R, Re Rs, Re

R Re Rs Re
(a) Thread with sharp crest and root (b) Threadtl wiitaight crest and root

Fig. 10: Classification of screw threads havingigint and vertex crests and roots

3.2.6 Crest and Root Data Calculation (CRDC)

After classifying the crest and root of the scrdwead, the Crest and Root Data
Calculation (CRDC) algorithm is used to calculdte tain data of the screw thread.
This data include the crest/root width for straifgetures and the crest/root radius for
curved features. By referring to Fig. 9, the CRD@bathm calculates the main data
of the screw thread as follows:
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-
Screw Thread Classification and Threads Data

Screw Thread Classification
Calculated Data from the thread Flanks

Item

Start Pixel of the Flank Line

End Pixel of the Flank Line
Minimum Perpendicular Distance
Maximum Perpendicular Distance

Pixel Mo X ¥
465 326 127
914 606 557
868 560 530
468 329 130

Value
Crest
Root
-23.815
0.5877

Crest Shape: Edge Root Shape: Curve

Screw Threads Data
Crest Data

Start Point Middle Point End Point Edge

Mo xs s

a 194.000 127.000
1 503,000 127.000
2 1612.000  127.000

Xe
326.000
1035.000
1744.000

e
127.000
127,000
127.000

xm ¥m Length
132,000
132,000

132,000

250,000
959,000
1678.000

127.000
127,000
127.000

Root Data

Start Point Middle Point End Point Curve

MNa Xs s

a 560,000 530.000
1 1269.000 530,000
2 1975.000 530,000

Xe
671000
1330.000
2089,000

e
528.000
528.000
528,000

Radius
69,031
59.031
59.031

fm
557.000
557.000
557.000

xm
614,500
1323.500
2032.500

| Save... |[ Close ]

L

Fig. 11 Classification of the crest and root of skeew thread (upper section) and

1-

2-

3-

calculating the main data of the screw thread (foseetion)

If the crest/root is classified as a vertex, gteet and end pixels will be the same
and their coordinates can be extracted from thelmgroups shown in Fig. 8.
Accordingly, the coordinates of the middle pixellviie the same as the first
and end pixels.
If the crest/root is classified as an edge stiagt and end pixels will be different
and their coordinates can be extracted from thelgroups shown in Fig. 8.
The middle pixel is calculated as the point betwihenstart and end pixels.
If the crest/root is classified as a curve, ¢hpeints are required to identify the
arc. As shown in Fig. 9-a, the start and end paftke crest arc (AA.) can be
defined as the two pixels which produce the maxinpg@rpendicular distances
(pdnay from the two flank linesfly, fl,). The second point of the arc can be
calculated as the middle point between the stattesual pixels.
Once the three points of the arc are definedcéimeer and radius of the arc can
be calculated. If (,y1), (%2,y2) and &s,ys) are the coordinates of the start,
middle, and end point of the arc, respectivelynttiee coordinates of the center
point can be calculated using equations 4 and Standadius can be calculated
using equation 6:

.= dcc+bb) - Hdd+aa)

" 2(ce-be)

(4)
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.= ddd'+aa)- d(cc+bb) (5)
Y 2(ce-be)

R=y(x-c.)+{y -c,f (6)

Where:

¢, and g are thex andy coordinates of the center point of the arc.
a=y;—yn a‘:y3+y1

bzyz_yli b|=y2+y1

C=X =X, C=X+X

d=X-x, d=x+x

e=Y; Y, E€=X-X%

X andy; are thex andy coordinates of the start point of the arc.

After applying the CRDC algorithm, the main datatbé& screw thread is
calculated as shown in the lower section in Fig.11.

3.2.7 Screw Thread Features Calculation

The Screw Thread Features Calculation (STFC) diguoriis used to calculate the
screw thread features based on the main data tedréy the CRDC algorithm. The
main important features are calculated as follows:

3.2.7.1 Calculation of the Major and Minor diameters

By referring to Fig 6, the major diameter can bécwated by calculating the
perpendicular distance (pd) between any pixel e dtest pixel groups of the upper
profile and the crest line of the lower profile. ®btain accurate measurements, three
calculations are performed for three pixels inatént groups, then the average of the
three calculations is taken as the major diam&enilarly, the minor diameter can be
calculated by calculating pd between any pixelha toot pixel groups of the upper
profile and the root line of the lower profile.

3.2.7.2 Calculation of the theoretical depth and crest truncation

Referring to Fig. 12, the theoretical depith) (of the screw thread can be calculated as
follows:
1- If P; andP; are the two end points of the flank liheandP; andP, are two end
points of the flank lindl,, then the intersection poir®4) of the two flank lines
can be calculated using equations 7 and 8.

X = PL+1*(P2,-PL) (7)
Y =PL +1* (P2, -P1) (8)

Where:
Xint IS thex coordinate of the intersection point,

Yint IS they coordinate of the intersection point,
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_ (Ply B P3yxp4x B PBX)_ (P]x - PSX)(P4V B PBY) (9)
r=
(sz - P1><)(P4y - PBy)_ (sz - Ply)(P4x - P3x)

If the denominator in equation 9 is equal to zénen the two lines are parallel.

2- Similarly, the intersection poin andP; can be calculated between the two
flank linesfl; andfl4 and the two flank linel, andfl; respectively

3- The theoretical depthh{) can be calculated as the perpendicular distance
between the poinP; and the line connectinBs andPs. This distance can be
calculated using equation 3.

4- The crest truncationhf) can be calculated as the perpendicular distance
between any pixel in the crest groups of the uppefile and the line
connecting Pand R. Equation 3 is also used to calculate this perjoeiar
distance.

Effective
diameter lin

Vv
I

Pitct

Fig. 12 calculating the effective diameter and ptheead features

3.2.7.3 Calculation of the pitch and effective diameter

By referring to Fig. 12, the pitch can be calculibss the distance betweBgpandPs.
The effective diameter line is defined as the liéch divides the screw thread so that
the widths of the threads and the widths of thecepaare equal on a perfect thread.
According to this definition, the distanbgis equal to half of the theoretical depth, i.e.
h; = 0.5;. Hence, the effective diameteDefecivd Of the screw thread can be
calculated as follows:

Desectve = Dimaior = 2( =1,

effective major

Deffective = Dmajor - ZOShI - hz) (10)

Where: Dnqjor iS the major diameteth, is the theoretical deptth, is the crest
truncation.

3.2.7.4 Calculation of the axial thickness

By referring to Fig. 12, the axial thickness.)(is the width of the screw thread
measured at the effective line. To calculate thaldkickness, the effective diameter
line should be defined by any two end points, foareple,Ps andP,. Based on the
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screw thread geometry, the effective diameter iéngarallel to the lind>s Ps and far
from it with a distance equal tw. Therefore, the two end pointBg(and Pg) of the
effective diameter line can be calculated as foflow

Pa.x = Ps.x + hs * Cog6) (11)
Pa.y = Ps.y + hs * Sin(0) (12)
Po.x = Pe.x + hs * Cog6) (13)
Po.y = Py + hs * Sin(0) (14)

Where:Pg.x andPg.y are thex andy coordinates oPg, Py.x andPy.y are thex
andy coordinates oPy, h; equal to the half of the theoretical dedhs the angle of
inclination of the linePs Ps. For horizontal lines) is equal to zero.

After defining the effective diameter line, the @xihickness can be calculated
as follows:

1- Use equations 7, 8, and 9 to calculate thesat#ion point R,0) between the
effective diameter line and the flank lifig

2- Similarly, calculate the intersection poift;{) between the effective diameter
line and the flank lindl..

3- Calculate the axial thickness as the distanbsdsnP,o andP.

3.2.7.5 Calculation of the other features of the screw thread

The rest of the screw thread features can be eaémlilising similar ways according to
the basic geometry shown in Fig. 13. For examgie, Addendum (10) can be
calculated from the upper profile as the perperdrcdistance between any pixel in
the crest groups and the effective diameter limmil&ly, the Dedendum (11) can be
calculated as the perpendicular distance betwegpiael in the root groups and the
effective diameter line. Also, the actual depth )(1&n be calculated as the
perpendicular distance between any pixel on thesuppofile crest groups and the
root line of the upper profile.

4. WORK PROCEDURES

To perform the measurement or inspection procesisescrew thread to be measured
is set on the backlighting table then an imageastwed and saved to a BMP file
using the capturing software provided with the CCidnear. The captured image is
then opened by thBlISTVisionsoftware to perform the measurement and inspection
processes as shown in the following sub-sections.

4.1 Measurement of screw threads

By referring to the main interface shown in FigifZhe Automatic calculation check
box is checked, the measurement process is perfoau®matically after opening the
captured image of the screw thread to be meas@#xrwise, the user should click
the Calculate button. The calculated features efsdrew thread appear in the Thread
Measurement section. If the system is calibratedt aill be discussed in section 5,
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the thread features will be calculated in millimster inches. Otherwise, it will be
calculated in pixels. The calculated features oarsdved to a text file and it can be
used as a reference data for the inspection prae#swill be discussed in the next
section.

Q/# \/ (g}y 4l

(1 3@
[ I I I | 17
(1) Major diameter (7) Root Truncation (13) Thematdepth
(2) Minor diameter (8) Crest width/Radius (14) Hamngle 1
(3) Effective diameter (9) Root width/Radius (15)arkk angle 2
(4) Pitch (10) Addendum (16) Thread angle
(5) Axial thickness (11) Dedendum (17) No of threaer inch
(6) Crest Truncation (12) Actual depth (18) Noluktads per cm.

Fig. 13: Thread features that can be measuredebMtBTVision software

4.2 Multi Measurement Process

In metrology, usually one measurement is not enot@mhgive accurate results;
therefore, theMISTVisionsoftware can store up to five measurements forsdme
screw thread in order to calculate the averageegabf the screw thread features.
These measurements are stored to a list calledi Malasurement ListM{ML) and
each measurement can be obtained from a diffeneege for the same screw thread.
Fig. 14 shows th&IML for three measurements obtained from three diffeiraages
for the same screw thread and the average valusafdr screw thread parameter. The
MML could be saved to a file for further usage.

4.3 Inspection of the screw threads

The inspection process is performed by compariegiiasured features of the screw
thread to be inspected with the features of a stahdcrew thread within specified
tolerances. In the main interface of the MISTVisgwftware (Fig. 2), the Inspection
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section deals with this process. The inspectioncgss is performed using the
following four steps:

1. Entering the features for the reference screw thread:

The standard features for the reference screwdloaa be entered to th&lSTVision
software by two methods. In the first method, ttendard screw thread is measured
by the vision system and the calculated featuresstored as reference values by
clicking theSet as Referendmutton in the Thread measurement section. Oneerefe
screw thread could be used to check many screvadbrdn the second method, the
reference values are set manually by clickingMlamual Ref button.

[ N
Multi Measurements List [&J

Screw Thread Measurements Average
Element 1 2 3 4 5 Value
Major diameter 12.000 12.000 12.000 12.010
Minor diameter 774 7.785 7.702 7.740
Effective diameter  10.305 10.374 10.262 10314
Fitch 3517 3541 3.503 3520

Mozl thickness 1.759 1.770 1.751 1.760
Crest Truncation 101.357 101357  101.357 101.357
Roat Truncation 0.063 0.065 0.064 0.065
Crest Width 0.655 0.659 0.652 0.655
Root Radius 0.342 0.345 0.341 0.343
Addendum 0.348 0.853 0.344 0.248
Dedendum 1.286 1.254 1.280 1.287
Actual depth 2133 2147 2124 2135
Theoretical depth 270 2719 2,689 2703
Fank angle 1 30.032 20.052 30.065 20.050
Fank angle 2 30.163 30.102 30.141 30.135
Thread angle 60.155 60.154 60.206 60.185
Threads perinch T332 7174 7252 7216
Threads per cm 2.843 2824 2.855 2841

| Save | [ Close ]

Fig. 14 the Multi Measurement List (MML)

2. Selecting the screw thread features to be inspected:

This can be done through the Inspection Toleramial®g box shown in Fig. 15,
which can be displayed by clicking tlielerancesutton. The features to be inspected
should be checked and their allowable tolerancesssigned. Each parameter can be
assigned unique tolerance values (lower and uppégrnatively, the same tolerance
value can be applied to all thread items by engettie required value in the text box
Value for all thread itemthen clicking theAssignbutton.

3. Measuring the screw thread to be inspected:

The screw thread to be inspected is measured byigloa system, then the calculated
features are compared with the standard screw dhfeatures according to the
tolerances given through the inspection tolerana®g box.
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4. Taking an inspection decision:

The inspection decision is displayed automaticadlyhe Inspection section (Fig. 2).
The decision will be “Accepted” if all inspectedatares of the screw thread to be
inspected meet the corresponding features of thledatd screw thread within the
specified tolerances. Otherwise, the decision bal“Rejected”. The details of the
comparison process can be displayed through thpedtion Details dialog box

(Fig. 16), which can be displayed by clicking thet&lls button in Fig. 2.

Inspection Tolerances l&]
Tolerance Type Values Type
@ Unilateral ) Bilateral @ Absoluts Values {mm) (©) Percent of the onginal values (%)
Allowable Tolerances
Waue {mm) - ’ Value {(mm} —
[7] Major Diameter [z 0.010 0.010 [¥] Addendum = 0.0 !
[#] Minor Diameter |+ 0.010 0.010 || Dedendum kS 0010
|| Effective Diameter [= 0.010 0.810 [¥] Actual Depth Iz 0010
[¥] Pitch % 0.010 0.010 [¥] Theorstical Depth |+ 0010
[¥] Axial Thickness  |= 0.010 0.010 [¥] Fank Angle 1 1= 0.010
[ Crest Tromeation = 0.010 a0 [@] Aank Angle 2 ES 0010
[ Root Tuncation 1= 0.010 0010 [¥] Thread Angle = 0.0 0.01
Crest Radius [x 0.010 } [T] Noof Threads /in |2 0.010
|| Roct Radius 12 0.010 [7] Noof Threads /cm |2 010
Check All kems | | Uncheck Al tems | Value for all thread tems {mm}:  0.010 | Assign |
I Save Settings... I I Load Settings... J I Ok I I Cancel I

Fig. 15 Inspection tolerance dialog box

Inspection Details &]
Element Reference Measured Variation (%) Decision
Major Diameter 12.000 12.000 D.000 Accepted
Minor diameter T723 7734 0.137 Rejected
Effective diameter 10.301 10.305 -0.041 Rejected
Pitch 3.526 3.517 0.248 Rejected
Aodial thickness 1.763 1.759 0.248 Rejected
Crest Truncation 101.357 101.357 0.000 Accepted
Root Truncation 0.065 0.065 0.000 Accepted
Addendum 0.850 D.248 0.248 Rejected
Dedendum 1.289 1.286 0.248 Rejected
Actual depth 2138 2133 0.248 Rejected
Theoretical depth 2707 270 0.248 Rejected
Flank angle 1 30.052 30.052 0.000 Accepted
Flank angle 2 30,041 30.141 0.000 Accepted
Thread angle 60.193 60.193 0.000 Accepted

’ Save ] [ Close ]

Fig. 16 The Inspection details dialog box

5. SYSTEM VERIFICATION

This section explains the calibration and the aamcyiof the employed vision system.
In addition, the verification of the system accyracexplained.
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5.1 System Calibration

The units of the captured images are pixels. Tk the proposed vision system
for actual units (i.e. millimeter or inches), thxed size iny direction is calculated
according to the major diameter of the screw thtedae measured as follows:

1- The major diameterD(,0) Of the screw thread to be measured or inspected
should be entered by the user to the MISCVisioriwaok through the Input
Data section in the main interface (Fig. 2). Aldoe units of measurements
should be selected from the Units combo box. Ilfrtiagor diameter is specified,
the system will be calibrated automatically and theasurements will be
calculated in actual units, otherwise, it will kEaulated in image pixels.

2- The MISCVision software searches the edge pixélshe upper and lower
profiles for the opened image to find the two pixBhving the minimum and
maximumy coordinatesYmin, Ymay then it calculates the maximum diameter of
the screw thread ipdirection D,y as follows:

Dmax = Ymax_ Ymin (15)
3- A calibration factorCF) is calculated as follows:
CF= Dmajor/ Dmax (16)

4- All thread features are multiplied by the caditoon factor CF) except the flank
and thread angles and the number of threads peoimncentimeter.

5.2 System Accuracy

The accuracy of the employed vision system carffieetad by two factors (1) the size
of the measured screw thread and (2) the size eofcéiptured image. For the first
factor, increasing the size of the measured scheeatl increases the pixel size, i.e.
decreases the accuracy of measurement. For thadséactor, increasing the size of
the captured image decreases the pixel sizenteeases the accuracy of measurement
and increases the processing time. Fig 17 showsethgonship between the size of
the captured image and both of the pixel size &edptocessing time for thread type
M10. From the figure, it can be seen that imageh wize of 4.2 Mp (2048*2048
pixels) can produce a resolution ofpn/pixel for screw threads of 10 mm major
diameter in a reasonable processing time (5.5 sec).

5.3 System Verification

To verify the proposed vision system, an ISO metmread plug gage (M16 coarse)
with nominal major diameter equals to 16 mm anditahpequals to 2 mm was
measured by the proposed vision system. The measuteprocess was performed
three times using the MML feature, offered by theposed software, and the averages
of the measurements were recorded. The featurdsedSO metric thread plug gage
were calculated according to its basic geometrpldd shows a comparison between
the values of the thread features for both thedstahthread plug gauge and the
measured features by the developed system. Trereliites between the standard and
measured features are listedpm. It can be noticed that the maximum difference
between the standard and measured values wagitb.4
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Fig. 17 Relationship between the captured imageaid both processing time and
pixel size for thread M10 (Major diameter = 10 mm)

Table 3: Comparison between the values of thethread featuresfor both the
standard thread plug gauge and the features measured by the vision system

Measurements Difference
No | Thread Feature Standard | Measured| |, . :
Specimen| Specimen Units | Value | units

1 Major diameter 16.0000 16.001 Mm -1.00{ pm

2 Minor diameter 13.8340 13.837 Mm -3.0 | um

3 Effective diameter 14.7000 14.6979 Mm 2.1 | um

4 Pitch 2.0000 2.003 Mm -3.0 | um

5 Axial thickness 1.0006 1.0003 Mm 0.3 | um

6 Crest truncation 0.2165 0.2171 Mm -0.6 | um

7 Root truncation 0.4330 0.4342 Mm -1.2 | pm

8 Crest width 0.2500 0.2523 Mm -2.3 | gm

9 Root width 0.5000 0.5054 Mm -5.4 | ym

10 | Addendum 0.6500 0.6516 Mm -1.6 | um

11 | Dedendum 0.4330 0.4344 Mm -1.4 | pm

12 | Actual depth 1.0830 1.086 Mm -3.0 | ym

13 | Theoretical depth 1.7325 1.7373 Mm| -4.8 | pm

14 | Flank angle 1 30.0000 29.9757 degree 0.025 degre
15 | Flank angle 2 30.0000 29.9884 degree 0.012 degre
16 | Thread angle 60.0000 59.963¢ degree 0.036 degree
17 | No of threads per inch 12.7000 12.681pD 0.019---

18 | No of threads per centimeter 5.0000 4.99251 ---| 0.0075 | ---
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6. CONCLUSIONS

A vision system has been utilized, as a new notambrmeasurement system, for
measurement and inspection of various types ofwstieeads. Six computer vision
algorithms have been developed to analyze the k@ptimages and perform the
measurement and inspection processes from theredptages. The proposed vision
system is capable of identifying most of the thregebs automatically and calculating
the most common screw thread features (18 featundsgh cannot be achieved by
any other measuring system. The software is capdlifesspecting screw threads based
on reference values and specified tolerances fecteal features. The system has been
calibrated for both imperial and metric units araswerified by measuring a standard
ISO metric thread plug gage and comparing the t®svith the standard values. The
results showed that the maximum difference betwien standard and measured
values was £5.4im, which provide a good accuracy.
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ABBREVIATIONS

edge pixels detection
edge pixels thinning
edge pixel labeling

edge pixels arrangement

MISTVision Screw Thread Measurement and InspedtipKision

IPE Inversion Pixels Extraction

CRPE Crest and Root Pixels Extraction
CRPG Crest and Root Pixels Grouping
CRGC Crest and Root Groups Classification
CRDC Crest and Root Data Calculation
STPC Screw Thread Features Calculation

pd

perpendicular distance
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