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Table 1 Direction of gradient operator of grayscale evaluation

function

Evaluation function Gradient direction

Brenner 0" (horizontal direction)
Roberts 45°, 135°
Laplace 0°, 90°
Tenengrad Sobel operator direction
EOG 0%, 90°
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Table 2 Detection results of Hough transform on 5 sets of line

sequences unit: (°)

Angle Average Star?dérd Max}im‘um

value deviation deviation
0 0.034 0.104 0.5
30 29.672 0. 355 1.4
45 44.870 0.673 1.8
60 59.714 0. 356 1.1
90 89.984 0.148 0.4

MNFE 2 W] T, X B A - I AR R AR W 2 RS T B
17 Hough 7% 4 | 3 RE 74 2 8w oKS 2 09 A 2, Horb e R
2= /NF 2°. T 5T Hough 28 46 19 R pR I 6
JE 7 ) 2 Bl TR B 2y ), 2R KT 27, I LA
25 A8 i B RO Hough A8 (1) 6 0 285 2R 52 i A K, X 3%
i bR B 1 BE Y 52 e AT LA Z NI

47 5 F Brenner pR % . Roberts PR %X . Laplace PR %K
Tenengrad B§ % \EOG bR HUFI kT Hough 22 # (1 JK B2
PRI, X 5 2H 3 W A 2k S AR OT B AT PR AN GBS
B& T Hough 78 46 1) JK FE o8 $00 b 3 B2 551 19 07 1), B om
A B UL, Bl 2 20 ff B 0 A8 fb T 28 4k . iR (8)
XFF07.30°,45° . 60°F1 90" A B B M2k £, (e, ) B HUAHL
350 (0,2).(3,5) .(1,1) (5,3)F1(2,0) . XFF 0%k
g0, (m,n) WHUE A (0, 1) 83 (0, 2) # 58 A7 IIE o8 2111
JRBES 0 )5 1 3 B T 2ear. B2, M b T A 4R
RER T HEAH B Y S5 2R BE A% U 55 MR 7S A S R . (]
MR RS 2, LRI K B 1 28 fk . I, 46
SCF B R 07 90°RY , (o, ) R BUE S (0, 2) AT (2,0) 6
i f Bezier [ 4 005 15 21 V4 — 1k i 35 B B2 2FA o6 5t
4L 6 TR o B n i a4 R EE R PE A th Ze b
AR A A

FI 1~ B G (4 785 AT 2 7 0 v 800 A5G A7 35 Bl

FE VA I, A B B AR TP A il e B AR TR BT
o 0T oR B, B LA B TC M PR L R B
S P AR AT

MR 6 Ha] LR X TS [ B 0 B 2 M 4R 4
TE 28 8 b F 7K SE- W], Brenner A BN I 2 H g4 6
i 1k S R I 1 v A A5 B OE B e LR B T A
£ 1% B}, Brenner PR 2CER BE 98 Wi 6 e 2 IE 207 &, R L
JE 5w, HOGE MR ) HIR B B ) B 2 4R B0 B AR AL %
W4 5% . Roberts BRBUOW T 54 A1 B 10 28 SUHT fiE 4 1
1 o A (ER B AR 28 X B 3R I Bl T2 ) I
A SR AE BB BF . Laplace s8R EOG R ECHAR 2
THE K AR B 1) AR AR AR R K B 22 B AT H I
M oA B 2Rt B AT L A TR) A8 5 A5 2 e ) D R S
ELAT B 0 R BUE 5 Laplace BRI EOG bR X T 45°
2R BB NG B T AR (H R T A o B A SR B, X AR
ZERER AN TG O M 1 225K 5 Laplace BREURT EOG bR
A2 X AW B AR IS, Tenengrad p& Al
FE T Hough 28 0 (1) JK 3 06 500 R AR B, % T R A £
JE B 2% B, 7 S AR B A pR BUIE A B/ R
P BE 158
4 HdE o

h T RE A E R & UL X R A R B S
T G| A — g R AR ORI WA s A p PERE . HAR
(4 U — £k T8 OO B2 BF 4 oR 5 1] 7 T, Hed LPE AR bR
BAEF XN WS o, Ml MRS o AR N E
NS 271X, 2o 189 A 300 Sk A 0 S 2% X, 19 4 4 S s 22 (]
A BE I X, oAb R IE AR L 2T B ULV B M b A
2 TE O RE DE Y BRECR AL 45 B, AT ABT A28 X A
LR IXARUEZE BEUE X e L IE £E A R 22 AP YRR
BRAR

W R 52 IR AT, E IV E S A MR
ZI 2 1) EG T 51, R 4L ST 5 A 50 iR B, 4y
TS MY PR B Fp BRO. 2, & 8 0F 2 45 B 5k 3~7
FE7R o

N 3~T7 v i Bl T LAE TS [ A R R
SrIEG , i T s 45 R IE B 6 B LR SRS T
W L 45, 288 50 5K 368 A A0 o 850 28 e B Ui X

3 OIN RREE T E SR (002

Table 3 Quantitative evaluation results of evaluation function (0° line)

. . Percentage of steep
Type of evaluation function

Focusing position

Mean of

Standard deviation of Average time

smoothing area

areas Ps /% deviation M, smoothing area ¢ T /ms

Roberts 58.02 0.079 0.103 0.051 14.771
Laplace 65. 50 1.650 0.118 0.059 21.057
Tenengrad 52.30 0.048 0.043 0.029 47.200
EOG 65. 68 1. 587 0.118 0.061 15.114
Proposed function 48.59 0.047 0.049 0.031 14. 257
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Fig. 6 Normalized evaluation function curves (top left is partial magnification near peak). (a) 0° line pattern; (b) 30° line pattern; (c) 45°
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Table 4 Quantitative evaluation results of evaluation function (30° line)

Type of evaluation

Percentage of steep

Focusing position

Mean of

Standard deviation of

Average time

function areas deviation smoothing area smoothing area T /ms
Ps/% M o
Brenner 51.61 0.063 0.097 0.069 14. 486
Roberts 44.95 0.016 . 160 0.072 14.771
Laplace 33.63 2.357 0.255 0.105 21.057
Tenengrad 44.19 0.053 0.058 0.037 47.200
EOG 33. 94 2.232 . 259 0.104 15.114
Proposed function 43. 81 0.063 0.059 0.039 14. 257
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Table 5 Quantitative evaluation results of evaluation function (45° line)

. Percentage of steep . . Mean of Standard deviation of .

Type of evaluation Focusing position ) ) Average time

. areas o smoothing area smoothing area =
function deviation T/ms
Ps/% Mg o

Brenner 42.87 0.153 . 086 0.066 14. 200
Roberts 45.70 0.165 .131 0.074 14.400
Laplace 42.56 0.157 . 165 0.080 20. 886
Tenengrad 41.68 0.051 0.051 0.042 46. 886
EOG 42.95 0.157 0. 160 0.080 14. 286
Proposed function 43.81 0.052 0.051 0.042 14.229
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Table 6 Quantitative evaluation results of evaluation function (60° line)

. Percentage of steep . . Mean of Standard deviation of .

Type of evaluation Focusing position ) ) Average time

. areas o smoothing area smoothing area =
function deviation i T /ms
Ps/% M o

Brenner 51.25 0.176 0.084 0.045 14.545
Roberts 54.05 0. 160 0.134 0.073 15.152
Laplace 54.36 1.876 0.167 0. 082 21.485
Tenengrad 51.99 0.084 0.051 0.042 48. 455
EOG 54.11 1.876 0.166 0.083 15.424
Proposed function 51.99 0.096 0.053 0.043 14. 364
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Table 7 Quantitative evaluation results of evaluation function (90° line)

. Percentage of steep . - Mean of Standard deviation of .

Type of evaluation Focusing position ) ) Average time

. areas o smoothing area smoothing area =
function deviation T/ms
Ps/% M o

Brenner 49.91 0.080 0.041 0.029 14.182
Roberts 45.94 0.470 0.152 0.080 14.485
Laplace 46. 14 2.092 0.195 0.120 21.727
Tenengrad 50. 31 0.082 0.039 0.031 47.455
EOG 46. 14 2.092 0.192 0.123 14. 545
Proposed function 49.91 0.080 0.041 0.029 14. 242

BrEEAEWEW R KT HMR . hT
Tenengrad PR R H] Sobel 55 ¥, 12 bR BN 2 S0 1) J7 [1)
B U H BAT BB AU RE U1, F 22 XY 45 TLEE AR
AR /N T H A bR E, OF 52 IRy X (E R 5 25 03 0l K

0.048 #110. 036, {H 2 Tenengrad &%k 11 £ J7 Ih] & 1 1£
T oR BB M BE 7 9 [T ERE R 38 T eR B B AT I
], XoF b Ath oA B, A2 A5 i ) 36 0 T 198.89% . 3
F Hough 72 8 11 £& 2078 Wi B2 17 f oA 50k T 51 A4

0912001-7



£ R AT ARIE R B A O 1) 3R B TR, M TR E A
JEE T 28 S0 A X A el AR v 3 LA A R R B
I LA 1% oA BT EL AT 458 BE Uil 1Y) pR B it 48 1 ) A o8 2 AT
AU AY PR RE Sy, BEY X A L B B K s RN
8.00% , VL& X ¥{H J 0. 051, - 22 [X ¥4 {H 11 5 I I 5
N 16.60% ,F 5% X ARE 22 0. 037, 28 X 2 {H (1)
RPN 21.20% .

F1 Bl £ R T oR R B4 R A2 A e I PR A R A
TG PR — RN R BRI 45, B T B A AR ME T

A3 FE 9HI/2023 £ 5 B/EER
& B 50 O R BIE R R . IE AR B R A UHE
B R B Sk AR AR bR B 0 R ORS E R O B 4R AL
P A5 1 7 T A R, 0 T 552 i) 2 4 () BB LA R B Sk B IR 1Y
RS R . A il A bR 6 A RE A eR RO BRE £ B £k
SUEMG , PR IBOE fE e SRR T e s 42, 15 31 2
LU BB d5e S AR B 26 40 R] B 0 i 2 R H AR B Sk 1Y
FEIE X TN [R A BE B 2, 43 il 20 IR B Sk R R
(/=40 mm) , R 3% Grubbs ¥ W 51 B3 fH KR 22 , 11 5 £
HE B AME A S ik 25, an 32 8 T/ o

8 L AREE A AR

Table 8 Measurement results of focal length of lens

Lens focal length //mm

Function - - - . Error /%
0 30 60 90
Roberts 39.9905 39.9731 39.9697 39.9532 39.9677 0.117
Laplace 39. 8554 39.8912 39.9727 39. 8780 39. 8468 0. 383
Tenengrad 39.9934 39. 9800 39. 9690 39. 9639 39.9647 0.090
EOG 39. 8431 39.9062 39.9797 39. 8737 39. 8526 0.392
Proposed function 39.9922 39.9795 39.9726 39.9629 39.9637 0.093
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School of Instrument Science and Opto-Electronics Engineering, Hefei University of Technology, Hefei 230009,
Anhui, China
Abstract
Objective When the focal length of a lens is measured by the magnification method, a microscope is used to obtain a line

pattern image of the Perot plate. Line pair spacing is then measured to determine the focal length of the lens and the

coordinates of its focal point. Consequently, the sharpness of the line pattern image, namely, the focusing accuracy,

affects the measurement accuracy of the focal length and focal coordinates of the lens. Due to its poor accuracy,
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inefficiency, and subjectivity, manual focusing has been gradually replaced by autofocusing. Currently, a grayscale-based

evaluation function is frequently employed to determine the sharpness of a microscopic image. Although increasing the
calculable directions of the evaluation function in a haphazard manner may improve the robustness of the function to some
degree, it considerably prolongs the focusing time. To address the aforementioned issue, this study, starting from a line
pattern’s grayscale distribution, designs an evaluation function that retains favorable robustness and focusing accuracy

without extending the focusing time when the angle of the line pattern varies.

Methods The direction of the line pattern is correlated with the grayscale distribution of the line pattern’s edges.
Grayscale variation is not apparent in the direction along the line pattern. In contrast, the grayscale value varies drastically
in the direction perpendicular to the line pattern. A larger amplitude of the grayscale operator in the evaluation function
corresponds to a smaller effect of noise on the evaluation function. Consequently, obtaining the angle of the line pattern
and introducing the evaluation function are applicable to the autofocusing of line patterns. Specifically, Hough transform-
based line detection is performed on the first image acquired (the image with a large defocusing amount). Being highly
resistant to interference, Hough transform-based line detection is able to overcome negative effects, such as edge loss due
to defocusing and more precisely determine the angle of a blurred line pattern. With due consideration given to the angle of
the line pattern, a Hough transform-based sharpness evaluation function for line patterns is constructed to ensure that the
direction of the grayscale operator in the function is always perpendicular to that of the line pattern. The proposed function
is utilized for autofocusing under various angles of the line pattern to quantitatively evaluate the performance of the
evaluation function and to investigate the effect of the angle of the line pattern on the performance of the evaluation

function.

Results and Discussions To accommodate the strong directionality and uncertain direction of the line pattern, this study
presents a Hough transform-based sharpness evaluation function for line patterns without sacrificing focusing efficiency.
The proposed function improves the robustness of focusing and ensures high focusing efficiency. For line patterns with
different defocusing amounts, Hough transform-based line detection can obtain their angles accurately. Moreover, the
deviation of the angle of the line pattern obtained is invariably smaller than 2° (Table 2), indicating that the performance of
the evaluation function is essentially unaffected. For line patterns at different angles, the Hough transform-based grayscale
function exhibits small fluctuations in the smooth area, strong noise immunity, and favorable stability when the image is
heavily defocused (Fig. 6). Additionally, the mean of the smooth area of the evaluation curve is 0. 051, and its maximum
fluctuation rate is 16.60%. The standard deviation of this area is 0. 037 (Tables 3-7). Near the in-focus position, the
focusing error is small, and the device has high focusing accuracy (Fig. 6), with a deviation smaller than 0. 1 steps from the
in-focus position (Tables 3-7). The Hough transform-based grayscale function also outperforms the conventional
evaluation function (Fig. 6) in that it reduces the mean of the smooth area, the standard deviation, and the focusing
deviation by 59.85%, 46.05%, and 92.63% , respectively, on average. Since the function has just one gradient
operator, the computational effort is saved markedly, and the average running time is reduced by as much as 36.37%
(Tables 3-7). In the measurement of a lens’ focal length, the relative error in the focal length is reduced by 62.12%
(Table 8).

Conclusions In this study, a Hough transform-based sharpness evaluation function for line patterns is constructed. This
function can be used to accurately detect the angle of defocused line patterns by Hough transform-based line detection, and
it incorporates the angle of the line pattern into the construction of the evaluation function. The grayscale operator in the
evaluation function is perpendicular to the direction of the line pattern, and the grayscale value of the pixels perpendicular
to the line pattern changes drastically with a large amplitude of the gradient operator. The grayscale value and distribution
of the noise in the image of the line pattern are random, and the proposed evaluation function does not amplify the effect of
the noise. The noise immunity is thereby enhanced. The experimental results show that the focusing accuracy and stability
of the Hough transform-based grayscale function are not affected by the angle of the line pattern in the Perot plate. This
function can prevent the search algorithm from falling into the trap of local extremes. Its focusing accuracy and focusing
speed are also superior to those of the conventional focusing function, enabling it to meet the need for rapid and accurate
focusing. In the measurement of a lens’ focal length, the improvement of focusing accuracy ensures the measurement
accuracy of line pair spacing, which in turn improves the measurement accuracy of focal length. As a result, the relative
error in the focal length is reduced by 62.12%. The proposed Hough transform-based sharpness evaluation function for
line patterns can effectively improve the accuracy and operational efficiency of autofocusing in focal length measurement. It
has practical significance for images with obvious directionality, such as those in defect detection, microscopic workpiece

measurement, and pathological analysis.

Key words measurement; autofocusing; sharpness evaluation; focal length measurement; magnification method; Hough

transform
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