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Sasin Tiendee 2011: Method of Image Enhancement and Analysis of Fringe Projection Display for
3D Reconstruction. Master of Engineering (Computer Engineering), Major Field: Computer
Engineering, Department of Computer Engineering. Thesis Advisor: Assistant Professor Charay

Lerdsudwichai, Ph.D. 91 pages.

Digital fringe projection using a digital LCD (Liquid Crystal Display) projector is a technique used
extensively for 3D surface reconstruction. Fringe pattern images which are projected by digital LCD projector
and generated by spatial phase shifting are important procedures of the 3D surface reconstruction. Two major
problems of LCD projector namely screen door effect and nonlinear gamma effect are addressed in this

research.

First issue, this research proposed how to adjust the lens to the focal point. This could be easily
achieved by moving out the focus until the screen door effect patterns are clearly observed. After this method
was applied, fringe pattern image appeared to have high contrast. A preliminary experiment was conducted to
isolate the net interference pattern by applying Fourier Transform to the image data which had disadvantages
of difficulty and time consuming. Therefore, this work presented the technique which used wavelet transform
to improve fringe pattern image. This proposed technique is faster and easier than the conversion Fourier
Transform method. The result images are also better with the proposed method. Second issue, the problem of
the nonlinear gamma effect that causes strips on 3D surface is studied. This research presented an algorithm to
compensate phase based on background of the image plane along the y-axis, without image distortion. Firstly,
the real phase was compared to the ideal phase which was calculated from the mathematical equations and
created a look up table. Next, the width of the actual phase could be search from the table for matching the
ideal phase value quickly. Then, the phase difference between the actual and the ideal phase was determined
to create a search table for compensation. Finally, the results as 3D surface were shown. As the proposed
method doesn't need to adjust the gamma, therefore the calculation is in real-time and does not depend on

digital projectors or cameras.

In conclusion, two problems were solved in this study. The Screen Door Effect was removed from
the image data as well as the image showed better results than the original image almost doubled. Also the
problem of nonlinear gamma that caused the image stripe was disappeared and provided the realistic 3D

images as well as the range that indicates the smoothing was reduced.

Student’s signature Thesis Advisor’s signature
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2)

3)
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E4 i1 ]
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I, =1 =21"(x,y)sin[¢(x y)] (10)
thaumsi (6) - 8) 1218
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thaumsii (10)/(11) 1218

l,—=1,  2"K,y)sing(x )] 12)
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pXy)t+2r  PpX-Ly)-4(Xy)>7x
(X, y) = (15)
o(X,y) ;otherwise

Y 1
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4. upaanluiud ady (Nonlinear Gamma)
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. a I A ' 1 a 9 .
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<} . 2 @ A yas Y @ ax
1an (Wavelet Reconstruction) Faraasanenini 13 Tagldismsulasdounduvesitmsuen
s Y < . < vy A A
peAlsznouAleWIan (Wavelet Decomposition) Nz ladoyanmaiivmamiinudeyaninan
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#31: Gonzalez and Woods (2002)
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#31: Gonzalez and Woods (2002)
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W) (j,mn) 24 h, (m)
o) +) 2t hm
W Gmm-—— 24— h (m) o
(4w +1mn)
W' (j,mn) 24 h, (m)
+ 24 h,(n)
W, (j,mn) 24 h,(m)

d‘ as Y o 4 Y I .
MNAN 13 TN naunNeInlsznouaenian (Wavelet Reconstruction)

131: Gonzalez and Woods (2002)
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6. 0N313THIINAIVPIT YN ANNBUNUT Y IAUSINIU (Signal to Noise Ratio, SNR)

]

1 9 I 1 1 dyd 9 & 9 I~ ~ 1 1 ~
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Yodd N aNeUAUANTEUVUNINTFIVVITYAIUTUNIYU (Gonzalez and Woods, 2002) Tag

v
1A

d'ﬂl v 9 = A Ao v o Y A 9 [
NOIMGIFILTAAINVIYANTWUAUNINGIN TDAUULD GI,L!‘VINﬂﬁ‘UﬂuﬂWﬂmﬂu@ﬂlLﬁﬂﬁ’ﬂ

Y = o = IS A
VIUANTWUAUNTNAT ﬁ'llniﬂlellﬂulﬂciﬂlﬁuﬂ'ﬁﬂ (16)

S\R = 20l0g . x=0y=0 (16)

WY CERG
MN n n

x=0y=0

o A [ @
Tag f, Aedoyanwwaansnmumslsuilys f, Aedeyanmuesdyarusuniu

T, AoAuRAgVEITOYAMNTYYIUTUNIU M uaz N AovuanIeuazeiveddoyaniv e

E4

== ] I a
SNR Hivudeiluegiua (dB)



21

7. 1INV (Range Filtering)

@ ] a 4 g a %
Range Filter H30/2n399%34114M15AATIZHNUAI (The MathWorks, Inc, 2010) #4714
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0O = Object, C = Camera, P = Projector
0 = Angle between Camera and Projector
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Phase Wrapping: Phase Value Corrected
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Cat Model: Fringe Pattern Image 1
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‘db17" | ‘dbl9’ | ‘symlE’ | ‘dmey’ | syml9’| ‘dbl5’ | ‘db20" | ‘dbl3" | ‘syml3’ | sym20’

M Original |41.5072|38.93309|42.4941|30 5879|40.3444|30.7932 | 30 8081 40.8893| 41.0336| 4194

Result |70.7817| 71.4% |70.3265|69.7425|71.7538|66.6147|62.9386|70.0966/68.8951|69.9342
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Cat Model: Fringe Pattern Image 2
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‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |38.1841|38.5208|38.2458|38.1603 |38.3108 | 36.8347 | 39.1718(32.3977| 37 .4861|37.8684

W Result |74.0408|70.1331|72.8325|70.2606|74.0868|67.9344|70.4016|71.5256|67.5004|72.4863
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Cat Model: Fringe Pattern Image 3
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‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |34.8348|33.3643(34.7273(34.9663 |34 722934 5639 | 34.5997( 36.157 | 34.6443|34 4699

W Result |65.6311|71.3656/64.5635|71.0174|68.3397|65.4733|67.8325|71.8276(65.4618|64.1329
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Cat Model: Fringe Pattern Image 4
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‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |37.4574|38.1449| 37.653 |37.7091|37.1911|37.0296 | 38.8219( 38 7566 37.0785|37.3346

M Result |68.7868|67.3322|67.3504|65.9225|70.0853|64.8675|67.7847|67.8872|68.1571|66.8056

d' = ~ ' 1 Y o v J ay A
MNN 49 msilFeueunn SNR FZUINNNAUR VUL NAANTUDINTNT LT gﬂu‘uuw 4

voaluaagiluug

Fish Model: Fringe Pattern Image 1
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‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |37.4702|38.2234|38.2143(37.7559(36.1507| 37.817 | 39.071 | 39.74 |38.8998|37.7978

W Result |69.9476|68.5083| 70.8028|71.2183|71.2292| 68407 |67.9949|67.9515(71.0648|70.4619
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Fish Model: Fringe Pattern Image 2
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‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal | 34.001 |33.4627(34.5752|34.1963(33.2261|34.2278 | 33.8557( 35.9025| 34.6221|34 5157

M Result |69.4265|67.8618|72.6735|73.2043|71.5746|70.8067 | 70.805 |71.7027| 76.6889|71.9479
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Fish Model: Fringe Pattern Image 3
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‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
mOriginal |38.9675|36.3101| 32.406 |37.0623|38.5373|37.2617 | 36.7651| 30.277 |38.3697| 38.754

W Result |69.4738|65.0934|71.1676|67.9628| 69.191 |65.2564|63.3877|65.7835(73.6227|70.5391
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Fish Model: Fringe Pattern Image 4
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‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal | 36.841 |34.1281|37.6738(34.2837| 36.858 |34.4462|35.2174(36.5114| 35.5568|37.1091

W Result | 67.459 |66.7497| 69.449 |64.7457| 66.384 |63.0337|62.8622| £3.05 |70.7619|68.5804
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Curve Model: Fringe Pattern Image 1
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‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |35.8209|34.3137(36.4201|37.1882|35.4556 |36 7468 | 37.6119|38.4773| 36.8461| 36.118

W Result |60.1844|61.8793|52.5565| 59.386 | 63.099 | 58.635 |651.9191|60.5088|60.9462|59.3347
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Curve Model: Fringe Pattern Image 2
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‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal | 36,571 |31.9613|37.4566(34.4383(35.2404|33.9041 | 33 9668( 35.081 |35.1333|36.8264

M Result |60.1565|66.3282|59.96758|60.1519|60.9646|55.3838 | 58.5776/59.6038|56.5184|59.5761
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Curve Model: Fringe Pattern Image 3
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‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal | 36.755 | 34.4993(35.7976|36.7072|37.5551 |35.3395 | 36.7734|37.6787| 34.9133| 35559

W Result |59.5008|64.6493|52.7779|58.6347| 60.116 |57.4798|60.1017|62.0061(56.2003|59.3341
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Curve Model: Fringe Pattern Image 4
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0
‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |38.9036| 38511 [41.0766|41.9189|38.5935 40,9848 |42.4905| 4541 |41.6382(40.5415

M Result |63.5153|65.2265|62.4991|60.7333|62.3493|60.7591 | 60.2851|61.3359|59.2081 | 61.336
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Teeth Model 1: Fringe Pattern Image 1
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0
‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |45.1768|43 6873(44.4317|43.3024 |45 5658 | 42.748 |44 6818|45.3599| 42.634 | 44.097

W Result |69.1512|65.8512|68.0998|66.3338|65.0714| 63491 |64.3014|64.5529|66.2194| 67.723
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Teeth Model 1: Fringe Pattern Image 2
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0
‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal | 44.178 |41.9103|43.9975(42.4347| 44475 |41.5139|42.2022(43 4488/ 42.3738|43 5957

M Result |67.8516|62.6956| 68.271 |59.2845|65.1775(59.2803|61.6138|62.1155|61.7426|68.0583
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Teeth Model 1: Fringe Pattern Image 3
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‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal (44.1427|42.4921|44.4184(41.1096| 43.762 |41.9138|42.1568(42.5342|42.6729(43.8722

W Result |67.1565| 68.03% |66.1177|65.8676|68.1565|61.4957|66.7812|67.0119(62.9947 |65.8145
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Teeth Model 1: Fringe Pattern Image 4
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0
‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal [45.1473(43.1373| 44.112 |42.5187(46.1383|41.4225|42.3573(43 1260/ 419848 |43 8552

M Result | 64.173 |66.2627|63.20358|61.2413|63.3305|61.1492|61.2222|62.9583|62.0346|62.6307
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Teeth Model 2: Fringe Pattern Image 1
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‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal [43.1962|42.9077| 438 |43.8649(43.4721(43.1471|44.6769(45 7958/ 43.9704|43.1633

W Result |64.1269|69.1738|64.1837|66.0101|63.9112|63.4703| 64.919 |67.2071|63.2427|63.7363
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Teeth Model 2: Fringe Pattern Image 2
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0
‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |37.7614| 35547 [38.4819|37.6449| 36.630 |37.8035|37.2126(38.6195| 38.1123|38.1969

M Result |66.7185|62.0816|65.6076|61.6761|67.7218(63.9059|63.5599| 63.457 |60.3493|65.2535
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Teeth Model 2: Fringe Pattern Image 3
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‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |38.9988|36.8012(32.6193(39.0025|37.7006|38.0141 | 38.6706(40.1951| 38.7038|39.1927

W Result |67.6579|64.0325/66.4421| 66.749 |67.9315|64.0142 |54 8296|67.4938|64.1764 |66.3175
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Teeth Model 2: Fringe Pattern Image 4
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‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal | 4229 |38.9696| 42.561 |43.7057(42.6554|42.6347 | 39.9488(44 0609/ 41.9834|42 0605

M Result |70.7656|68.9507| 70.0165|68.8525|72.3505|66.4454 | 70.5636| 71.5847| 67.7605 | 70.0481
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Teeth Model 3: Fringe Pattern Image 1
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0
‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |45.5991| 43.778 | 44.969 |47.8246(45 6982 |44 7679 |47 6562|492 4486/ 44 775644 5632

W Result |67.3056|66.8137|66.6971|68.5752|68.7262|63.5116|68.7552|65.7395(60.4426 |66.3006
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Teeth Model 3: Fringe Pattern Image 2
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0
‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |44.8332|44 7669| 44,729 |46.3642 |44 7084 |43.8219 | 46.2334(47 9666/ 43.0412 |44 2839

M Result |72.7204|67.0556|71.3708| 66.489 |72.3062|64.4397 | 64.8053|64.9709| 68.248 |71.6588
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Teeth Model 3: Fringe Pattern Image 3
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‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal (43.9223|43.0458|44.5743(42.7954 (43 9614 |42 8745 |43 3666( 44.316 | 43.4666|44 2677

W Result | 62.333 |68.2666| 61.516 |62.7536|63.8302|58.7264|61.8488|62.7116(59.7063 |61.2864
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Teeth Model 3: Fringe Pattern Image 4
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‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |46.3296| 44 4258| 46 7636|46.0811| 46.072 |45.7969|46.2187(47 3699/ 46.2571|46.4805

M Result |66.5069|66.8879|66.2321|65.6895|66.4203(65.1227|65.3005|67.0184|62.7288|65.3337
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Teeth Model 4: Fringe Pattern Image 1
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‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |44.3149|43 3036(43.4442|40.2556 |44 9059 |38.8008 | 41.6885( 40,7448/ 39.1213 |43 2856

W Result |70.9696|66.3942|69.7616(67.2581|71.6112|61.2232|66.0449|67.6931| 66.061 |69.5787
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Teeth Model 4: Fringe Pattern Image 2
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‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |41.6027|42.4972(41.4443(41.7469| 41,895 |41.6846|41.9627(42.1149/42.0804|41.1149

M Result |68.6438|66.1728|68.15458|63.5792|69.2821|65.0307 | 64.8553|65.2306|62.4228|67 4175
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Teeth Model 4: Fringe Pattern Image 3
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‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal [43.1228| 41,551 [40.9265| 39504 [43.4904|39.6523| 40.725 [41.6097| 40.179 |40.8681

W Result |67.3193|67.4247| 66.368 | 62.994 |67.6808|66.5272|63.5196|63.1525|61.2697| 65.832
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Teeth Model 4: Fringe Pattern Image 4
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‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |43.5146|41.3835(42.0473|44.4649(44 3133 |42.4119|43.0477| 46432 |41.9321|41.7548

M Result | 69.47 |68.7132|68.75899|68.2885|70.3139|63.4585|68.6433|71.2139| 65.4053| 67.94
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Teeth Model 5: Fringe Pattern Image 1
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‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |42.8265|43.4737(41.3009|42 8063 43,6651 |41.0748 | 43.426 (44 4007/ 41.7306|41.1497

W Result |75.0034|89.0095|73.7724|74.4569|76.1795|77.6972|74.3373|75.7877|69.8484 |73.5176
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Teeth Model 5: Fringe Pattern Image 2
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‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |42.1653|40.6922(42.2462(41.4707(41.9236|40.7789 | 40.5818(42 4327/ 41.2448|41.7503

M Result | 75.278 |72.3389|74.4876|70.5751|76.7908|73.2848 | 70,9156/ 73.1807| 70.6813| 73.893
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Teeth Model 5: Fringe Pattern Image 3
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0
‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |44 6988| 46.177 [44.7834|45.9496|44 9367 |43.5543 | 46.8567|47.1672|43.9067| 44561

W Result |73.9433|77.4352|73.3749|71.1092| 75.404 |71.3193| 71.384 |72.8226(66.7297|72.7701
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Teeth Model 5: Fringe Pattern Image 4
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‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal [52.3371|51.5851|50.6334| 49.659 |53.6048|45.7271|51.7015|51.5535|46.0047| 49.982

M Result |72.5224|84.0384|71.36658|73.6197|73.9906|73.3853 | 76.6647| 77.208 |66.2768(71.2112
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Flower Model: Fringe Pattern Image 1
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0
‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |41.9725|43 0866(41.4694|42 7193(42 1894 |40.0016 | 44.0501|43.6347|40.4669| 41.263

W Result |67.0003|71.1058|65.2516|68.2886|68.9765|72.3833| 70.0844|70.8236(66.7006 |64.6824
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Flower Model: Fringe Pattern Image 2
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‘db17 | ‘dbl9’ | ‘syml6’ | ‘dmey’ | ‘syml®’ | ‘dbl5’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |43.7563|43.5269(43.1228(43 489743 6846 42.449 | 43.413 |44 6509/ 41.7487|43.1165

M Result |59.5847|73.1787|60.2551|61.5042|60.1752|65.6731| 59.083 |61.2023|60.3156(59.8122
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Flower Model: Fringe Pattern Image 3
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‘db17 | ‘dbl®’ | ‘symlf’ | ‘dmey’ | ‘sym1®’| ‘dbls’ | ‘db20’ | ‘db13’ | ‘syml3’ | ‘sym20’
HOriginal |44.7014| 44 6663| 45.347 |46.7521|44 0631 |46.5508 | 46.5298( 48 1788 46.4992 |44 8093

W Result |71.3239|69.9864|73.4028|71.5531|71.9761|75.1827|71.7201|70.3247| 76.0861| 72.797
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Flower Model: Fringe Pattern Image 4
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‘db17' | ‘dbl9’ | 'symlE’ | ‘dmey’ | syml9’| ‘dbl5’ | ‘db20" | ‘dbl3" | ‘syml3’ | ‘sym20’

M Original |42 161842 1717| 42.178 |43.0416|42.3530|42 1407 |42 6881|43.7034|42.1973| 41.717
Result |65.9358|65.4402(64.8776|61.8474|67.3212|67.8482| 61.561 |60 4867(64.6657 |64.5980
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Average Range (Unif)

Range Filtering: comparison beftween original and result

‘ (
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