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Color space focusing evaluation algorithm for
color overlay microscopy

Shi Yangiong, Yang Yonghui’, Zha Zhao, Zhu Guang, Zheng Yu
School of Mechanical and Electrical Engineering, Anhui Jianzhu University, Hefei, Anhui 230601, China

Abstract: Focusing evaluation is the key to extending the depth of field in microscopy with stacked focus. To
accurately and quickly obtain the pixel focusing position of the stacked focus image sequences and generate high-
quality all-in-focus images, a focusing evaluation algorithm based on color vector space is proposed. This algorithm
directly calculates color image gradients in the RGB vector space, fully utilizing the correlation between color
channels, avoiding the information loss caused by traditional focus evaluation algorithms when converting color
images into grayscale images, and has higher accuracy compared to simple stacking of color component gradients;
Using the average Manhattan distance between the center pixel and neighboring pixels in RGB space as the focus
evaluation weight can enhance the sensitivity of the focusing part, reduce the evaluation value of the defocused
part, and make the focus evaluation curve characteristics tend to be idealized. Seven focusing evaluation
algorithms in spatial domain, frequency domain, and statistics were selected for performance comparison
experiments with the proposed algorithm. The results indicate that the proposed algorithm has better sensitivity,
focusing resolution, and noise resistance in simulated and real microscopic images. The curve characteristics were
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significantly improved, and its application in microscope depth extension can further improve the quality of stacked

focal large-depth imaging.

Keywords: focusing evaluation; focus stacking image fusion; color space; depth of field; color image gradient;

microscope
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GLV!™ 0.0180 0.5020 — 0.1334 0.2747 — 0.0408 0.0275 —
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Proposed 0.0565 1.7056 1.6963 0.3437 0.3562 0.3372 0.0138 0.0186 0.0144
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Table 2 Performance comparison of focused evaluation algorithms for noisy simulated images

S, S, S,
Algorithm
Table Boxes Sideboard Table Boxes Sideboard Table Boxes Sideboard
SML"™ 1.1429 0.3731 0.4045 0.0666 0.2073 0.1052 0.1109 0.1812 0.1343
Tenengrad"” 0.2184 — — 0.1356 — — 0.0607 — —
GLV™ 0.2007 0.4734 — 0.1335 0.2033 — 0.0664 0.0441 —
DCT[WSI . . _ . _ _ — _ —
SWAV!" 1.1798 0.7384 0.4153 0.1649 0.2201 0.1892 0.0768 0.1150 0.1290
Bre4d_var®™ 0.3997 1.3292 — 0.2002 0.2381 — 0.0408 0.0275 —
FMCF"! — — 2.2969 — — 0.5292 — — 0.0933
Proposed 1.5584 2.7864 2.3209 0.3450 0.5284 0.5303 0.0263 0.0266 0.0173
{FME L PSNR =JidEbR, XRLG FEMUE I, 45 RN 1536 x2048 , M RAEXTG MK m A, 4

AL 3 PR,

YBT3 B T AL, A BT AL LR SR TR
2, R T UG ) A R A R AT AR AL PR
SEEUGT ISR SR EERE T SRR, 1
SERRRAAYE . 07 RS A (AR M b =AM e b b
PIBASRAAROR, ORI X BRI . 4iirel
P4 741 Sideboard 3 = S AR AR B %,
— IR TR R ARV A A AR T T AR T
SR AL, NS EY RS2 T
RUHY

42 EXHRERE

RS BL B VHX-7000 50k 5 i R 58 K AE i
B 2SI (wafer) A0S 526 (wire) B9 WS R4
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B8 4+REAFARELERSAIL, (a) 2%A; (b)Proposed #4-H; (c) SML #4A; (d) Tenengrad &4-H;
(e) GLV @&4-H; (f)DCT #4-H; (g) SWAV @2H; (h)Bre4d_var #&4&H; (i) FMC @4 B
Fig. 8 Comparison between all-in-focus reference image and stacked focal fusion image. (a) Reference image; (b) Proposed fusion image;
(c) SML fusion image; (d) Tenengrad fusion image; (e) GLV fusion image; (f) DCT fusion image; (g) SWAYV fusion image;
(h) Bre4d_var fusion image; (i) FMC fusion image

%3 A AE G BEREREEIFNIAT

Table 3 Objective evaluation indicators for image fusion quality with reference

Algorithm SSIM MSE/1073 PSNR/dB
Table Boxes Sideboard Table Boxes Sideboard Table Boxes Sideboard

sSmL™ 0.9807 0.9612 0.9125 1.193 1.454 6.003 34.447 32.321 26.989
Tenengrad"™® 0.9789 0.9493 0.9267 1.765 1.861 3.528 34.051 32.247 27.795
GLV™ 0.9718 0.9533 0.9203 1.607 1.744 2.751 34.204 33.009 27.863
DCT™ 0.9645 0.9237 0.9132 1.774 2.156 2.988 33.221 32.119 28.017
SWAV'" 0.9709 0.9563 0.9518 1.151 1.575 5.272 34.691 33.151 27.552
Bre4d_var™ 0.9791 0.9655 0.9549 0.986 1.460 2.765 34.835 33.127 30.355
FMC?! 0.9798 0.9654 0.9591 0.929 1.470 2.525 35.091 33.098 30.749
Proposed 0.9824 0.9702 0.9634 0.856 1.404 2.254 35.447 33.297 30.827

IEPE; Tenengrad, GLV Fll DCT RAETEH ph A (H AR RRAETEN By R, AT DATRER PR
BT WS S BN s FMC I B SR AP, (BRI (R NS, B RFRES T, 1EsfT
BT SR AR S0 50 s Bredd _var WSRMETEM B GEIKCIR, RS EEACHRU N, X TR A DI M A
FERS . XU DL XS o TOEFE R lae e T HA %

G R PERICT, ARV (E T RN PERE XA T THELEL 11 & SRAEVPAN M Ze i (8 R BU%E . BE
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(672, 1322)

Frame 2 . v Frame 9

B9 RMAGLEE. (a) HBIMAL (b) HEHE;

(C) %A AR

Fig. 9 Microscopic image acquisition. (a) Digital microscopy
system; (b) Wafer samples; (c) Chip samples

Frame 24 Frame 32

B 10 BAEREN S REBEFT]

Fig. 10 Multi focus image sequence captured by microscope
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Fig. 11 Normalized focusing evaluation curve of microscopic images. (a) Pixel focusing evaluation curve of wafer surface;
(b) Chip bonding wire pixel focusing evaluation curve
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Table 4 Performance comparison of focusing evaluation algorithms in microscopic images

Algorithm > % S
Wafer Wire Wafer Wire Wafer Wire

SML 0.069211 0.053887 0.131535 0.145214 0.038350 0.057453
Tenengrad" 0.164669 0.131634 0.195886 0.226235 0.020496 0.033131
GLV™ 0.093996 0.099731 0.197076 0.214817 0.019743 0.036844
DCT!™ 0.063470 0.094970 0.198803 0.199834 0.017233 0.034720
SWAV! — 0.085089 — 0.124962 — 0.103253
Bre4d_var®” 0.303990 0.352239 0.221513 0.196865 0.037180 0.038064
FMC?" — 0.279225 — 0.220262 — 0.019089
Proposed 0.540521 0.490454 0.232581 0.285745 0.006771 0.013223

A12 ShasLEAmmSA. (a)Proposed; (b) SML; (c) Tenengrad; (d) GLV; (e) DCT;
(f) SWAV; (g) Bre4d_var; (h) FMC

Fig. 12 Chip bonding wire overlay fusion image. (a) Proposed; (b) SML; (c) Tenengrad;
(d) GLV; (e) DCT; (f) SWAV; (g) Bre4d_var; (h) FMC

B/ 13 mEA@AEERRSBE. (a)Proposed; (b) SML; (c) Tenengrad; (d) GLV; (e) DCT;
(f) SWAV; (g) Bre4d_var; (h) FMC
Fig. 13 Wafer surface overlay fusion image. (a) Proposed; (b) SML; (c) Tenengrad; (d) GLV; (e) DCT; (f) SWAV; (g) Bre4d_var; (h) FMC

N RE R B RS A S e TR SR R AR TR TR RE KIBAG R R VIR ER R R K (H B R
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Table 5 Objective evaluation indicators for image fusion quality without reference

Algorithm Y < .
Wafer Wire Wafer Wire Wafer Wire

SML! 53.0300 56.6424 5.2157 7.3129 22.3707 24.0012
Tenengrad" 51.4233 55.8814 5.5069 7.2025 22.3595 23.3725
GLV™ 51.5650 55.8463 5.0237 7.0928 22.5127 22.5874
DCT!™ 53.9928 55.0012 5.3671 7.0364 22.2967 23.1296
SWAV!" 52.7727 56.3165 4.8681 6.9621 21.1231 23.5237
Bre4d_var®” 53.5243 56.6069 5.6032 7.2851 22.3441 23.9367
FMCF" 52.6920 55.9306 5.5443 7.3126 22.3583 23.9773
Proposed 54.2706 58.3882 5.7012 7.3877 23.3557 25.1254
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Color space focusing evaluation algorithm for
color overlay microscopy

Shi Yangiong, Yang Yonghui’, Zha Zhao, Zhu Guang, Zheng Yu

" Ty

-

Chip bonding wire overlay fusion image by the proposed algorithm

Overview: Focusing evaluation is the key to stacked focus extended depth of field imaging, and traditional spatial
domain focusing evaluation algorithms mostly use the degree of drastic changes in image grayscale values as the basis for
clarity evaluation. However, converting color images to grayscale images can result in multiple pixels with different
color values being mapped onto the same grayscale pixels. This imprecise pixel mapping relationship can cause serious
loss of image information, greatly affecting the accuracy of the focus evaluation algorithm, thereby reducing the overall
accuracy of the stacked depth of field. Moreover, color images formed by this calculation method of stacked focus may
yield results that are inconsistent with human visual characteristics. Based on the above issues, this article proposes a
focus evaluation algorithm based on color vector space to more accurately and quickly obtain the pixel focus position of
color image sequences and generate high-quality panoramic deep images. This algorithm extends the concept of
gradients to vector functions, directly calculating color image gradients in the RGB color vector space, preserving image
color information, and fully utilizing the correlation of various color channels. Compared to calculating gradients based
on image grayscale and individual color components, it has higher accuracy and sensitivity. The average Manhattan
distance between the central pixel and neighboring pixels in RGB space is used as the focus evaluation weight to enhance
the sensitivity of the focusing part and reduce the evaluation value of the defocus part, effectively improving the
resolution and anti-interference ability of the focusing evaluation function. This article selects seven focusing evaluation
algorithms in the spatial domain, frequency domain, and statistics to conduct simulation comparison experiments and
real environment comparison experiments with the proposed algorithm from two aspects: focusing evaluation function
curve characteristics and stacked focus extended depth of field imaging performance. The experimental results show that
compared with several selected focusing evaluation operators, the color vector space focusing evaluation algorithm
achieved the best peak sensitivity, steepness, and gentle fluctuation indicators on three sets of simulated images and two
sets of real microscopic images, and generated higher-quality panoramic depth images. Especially for the focus
evaluation problem of images with a wide variety of colors and rich information, the proposed focus evaluation
algorithm can accurately calculate the pixel focus value and has a significant overlapping fusion effect, which can meet
the requirements of expanding the depth of field in microscopy and has practical application value.
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