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(a) HT-COS B 2 &l ; (b) HSV-RMS 5% i #2 ]

Fig. 1. Flowchart diagram comparison between HT-COS algorithm and HSV-RMS algorithm: (a) HT-COS algorithm; (b) HSV-

RMS algorithm.
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MBIRZE0.01n

2 MBRZEN =4 BRI (a) &4 & &
HWRMITEGER; (b) Ze I IR, (o)— (f) ZEATF Y
MRS 1R 2% T, HSV-RMS 534 I & 5 & GO 1) B4R
(g)— (j) AFAHFE R 22~ , HT-COS 5k Jir & J7 i) % 0
T &

Fig. 2. Effect of phase-shift error on optical sectioning images:
(a) Wide-field image with defocused background; (b) struc-
tured illumination image; (c)—(f) three-dimensional (3D)
color optical sectioning images processed by HSV-RMS algo-
rithm under different phase-shift errors; (g)—(j) 3D color
optical sectioning images processed by HT-COS algorithm

under different phase-shift errors.

A (8) 2HF ATARAEME A AT ALY RN

Iin(noise) = {/ In* + % (31)
I AT, RMS A TR B E U] A RS A £ 1
FE -5 45 BRI e A TR AR B A O, TR B s £
Mg L g
S A 2R AR R A 4 1 D I AT O U A Ak B
I, AR 2250 o BB G AR DS T 7

Al(noise) = Io— Iy
~ 2m cos(2mpa+ o) + Ne. (32)
Xf (32) AT A RO AL B T 15
Al(noise) = —2m sin(2npz + o) + Ne. (33)
B (32) A (33) ACA (17) 3K, ATFMEFHIREE T
HEY) R S

: ) INE
Iin(noise) =/ I2 + oz (34)

XFHe (31) 2R (34) 2K, A ZRAA R A8 4 )y 1 A e
BT RAFHOEY) A R R R 5 45 BRI 4 80
X LU BE A DG, T ) PR v £ M L . 7 R 1 e
FSECT, RMS BEA5 20 e B EUE i e
TR T A AR AR 3 7 3%, IR, A R AR R AR 46
LA T RMS Bk, HATHERAHTEGE ).

FEIE 3 v, BLALL T AR 0, J5 254350k 0.01,
0.02 Fi1 0.03 H [y /g e 74 X7 HSV-RMS 5.3 DL &
HT-COS HiETEF AU AL B B 520, Fir
1E 5% 45 46 R B 25 80 PR ) B m=0.8. =5 B Mg 75 5
2570 0.01 B, Z5HC IR E&, HSV-RMS k15
BRG] RS, HT-COS B8 3 rsi) i E4
A {E {5 M L (peak signal-to-noise ratio, PSNR)
S8R 25.74, 22.93 DI K 23.69; 247724 0.03 Y,
PSNR 435120 23.62, 18.81 UL % 21.91; 245 %K
0.05 B, PSNR 435128 22.21, 17.35 1 20.51.

2.6 HSV-RMS &% HT-COS &Eixa ¥
SERREEITLE

FETC M FTC AR 1R 25 W 25 1F T, SRR
T HSV-RMS &L M1 HT-COS B kB g
IR IR R IR AR, WKl 4 s, Kl 4(a)
R SR A W P AR, S T ST U b 156 B ()
LI T — 1 EA 4N ERMER, Hb 4406
Py RGB 4350 (77, 187, 95), (230, 34, 207),
(198, 209, 55) il (106, 56, 56). [l 4(b) F1El 4(c)
43312 HSV-RMS B35 HT-COS Bk 345 5
BIR e B S, B 4(d)—(F) 20518 3 iR R
&Ry RGBAE. 5 UG K& 1, HSV-RMS
LA HT-COS kT HAS 3 1% o i R
B 0 0 it L BE 193K %) 99.4% L [, SIER] HT-COS
SEE A HSV-RMS B8 v LLUER# 52 A i i =
e ot EE.
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T
¥EO, J77£0.01

(d) PSNR = 23.62

[l
¥iflio, J7720.03

(g) PSNR = 22.21

R
#E0, J77£0.05

LRI G

HSV-RMSH %

(i) PSNR = 20.51

HT-COSH:

B3 iDL A EA RSN (a)— (c) @R A T 22 0 0.01 B B2 H L BB & . HSV-RMS Bk 8] 1ot bl A
& & HT-COS BEEA3 B i 610 7 B (d)— (f) w30 s 75 25 5 0.03 IS YA 2R s (g)— (i) oo ST MR 75 77 22 0.05 I Y 45 21

Fig. 3. Influence of Gaussian noise on the reconstructed optical sectioning images. Structured illumination image, optical sectioning
images calculated by the HSV-RMS algorithm and HT-COS algorithm, respectively, under the conditions of the Gaussian noise with

variances of (a)—(c) 0.01, (d)—(f) 0.03, and (g)—(i) 0.05.

[ 4 HSV-RMS &M HT-COS &5 19 6% & J5 % LR LA

(a)— (c) 430 0 JEU iR TE145 L HSV-RMS 5332 4 35 (1569 1 R

K HT-COS 5 Ab LR (6 U1 R B (d)— () 3 MR R4 2k N 19 RGB {8

Fig. 4. Comparison of color restoration fidelity between HSV-RMS algorithm and HT-COS algorithm: (a)-(c) Raw image, optical
sectioning image calculated by HSV-RMS algorithm and optical sectioning image calculated by HT-COS algorithm, respectively;
(d)—(f) RGB values for the four different regions of each image.

3.1 SEBER%

AR ST SLERJE 1E AT ST DMD
kI A E (light emission diode, LED) & B
By SIM R4 FikATRY, Wik 5 Fis. S ot
LED % #5 & WK LED % 5F 096 o £ 5 ik 4%

A4 AT (total internal reflection, TIR) #
o5 U DMD it i, 4k DMD J 15 9 1E5% 5%
L2 TIR B2 5 &Y RE0M
Yy'5e i35 S A RE R TH, FE I RS EEUR T4
i el A g Bk 50/50 JE RS B G AL
R EETE = e B i RE & b, Rk SE
WA X-Y 5 A PR AR DR A
PR AE R B AT C++ AFTIRITHT A&
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" fiafids ] ?Cél\%os
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Bl 5 SEHDEIRBIR @O Y] SRt K AR S

diagram.

3.2 WHHERELE

AT A 5863 A & 9% (405 nm %
BWAS) WAEMRE S A TR 0 = SR iR S50, T
P A 405 nm 1Y 285 LED 66 A Kl i
Bi (LP425 nm). 7E#F & 1952 LA 20 ms BEOGIT
V] 3 ) SR SR AHRS 22 09 /2 1 3 R I B 235 4 51 B B
EIZ, A HSV-RMS F ik AR HE. Bl e R4

(a) REOCHFILA; (b) RGEIIE

Fig. 5. Schematic diagram of structured illumination color optical sectioning system: (a) Light-path diagram; (b) apparatus

() 5 PG e BURE RS 22 0 n 0 T I LR,
FIH HT-COS kA7 AL . 5256 A &5 SR 6
fiir. [ 6(a)y HSV-RMS & ik 4b B 5 1Y = 48 %
6P 7 %, K 6(b) S HT-COS 5.3k b #L 5
PIZESE, AR AP R LR T LIAS 2R R (0 =4
WICENZ.

{HHH T HSV-RMS 5% 3 i J5 4 15 i A
FE A T AE IR, SR AT INR Bt 2 6 AH

====HSV-RMS v
0.6 L L

Normalized intensity/arb. units

0 5 10 15 20 25 30

Position/pm

/6 HSV-RMS 54l HT-COS 505 T M I A6 2 (0 = 4k b) i R BUR X 1L
P (a) %677 HE BRI S (d) 18] (b) £ 607 HE DX A B R IR (e)

COS H R M =4 EIE; (o)
P (d) Hrar o s 2k RS A BRJL: 30 pm

(a) HSV-RMS B3 7 0 = 4E114; (b) HT-
Pl (c) ik (@ HE 2 A

Fig. 6. Comparison of reconstructed result of pollen grain between HSV-RMS algorithm and HT-COS algorithm: (a) 3D reconstructed
color image from HSV-RMS algorithm; (b) 3D reconstructed color image from HT-COS algorithm; (c) the enlarged image in the
purple rectangular box in panel (a); (d) the enlarged image in the green rectangular box in (b); (e) normalized intensity distribu-

tion of the line-scan in panel (c) and (d), i.e. the “root-shaped” structure. Scale bar: 30 pm.
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R 2278 Ak, TR BCEE A RDEE] R R 7 A ik
ARAE, X = e AR, O T SRR X —
458, TEE A THRUNMYFRS. K 6(c) F1
K 6(d) % T HSV-RMS % ¥ il HT-COS & 1%
HH R FRASS F 6(c) MIE 6(a) L
T HE N B IEMG, RTLAE L, B 6(c) RAFFE L
I B AFR A 4540 I 6(d) MIE 6(b) Hrgk ) HEN
MR MG, o J LT 5 a5k 16 6(e) il
2R ()5 B 20 A WIS IE T HSV-RMS S B A7 75 1
[IFRARZREL, AER IR AR L5 s I A
WA Surzw, migs i HT-COS S 68 A 14
BN FRARARLL, MR E5F9IE M rT UL, 3X—5C
I as B —IESE T HT-COS Bvk &M i i il

2318

3.3 B EMELE

N T R HT-COS Bk 78 EIGCR A A
I FEPLF, X —Fh e JE P A X T
TR = AER. E SRR TP I G

e fy 50:50 43 BT, ¥ 405 nm I K LED Bl
5% B 116 LED, 343 512k H HSV-RMS 3 Al
HT-COS 3% 5 bh R AT A 3, g5 3 anf&l 7
FiR. Iz AR = 4E RSF K2 19.5 mm x
8.3 mm x 6.6 mm, Xf HALKIEIT T =4 ilif% (B
4 x, NA = 0.2 Y540k, 2SR HE% 1.5 pm),
HoRAE 84 MG DR, WA 7(a) Fos. AR
Giit, (A 4 x, NA = 0.2 PPExtee i it A7 =4 ik
gt JPriE 84 MY (1417 x 6 91, BRIz R
5f 2.5 mm x 2.5 mm), HSV-RMS &35 r % i ih
G S EECRIE BT [ 2928 1767 s, B 84 L x
((10 ms BEGIFE + 0.031 ms DMD Rl ifa]) x
3 TEARRE IR (FIFS22 1/2) x 350 )2 + 30 ms fifs
BRUERTE x 349 Whl#38)) + 83 WKk x
30 ms {7 B B & E W], 1 HT-COS H ik 7 2
WA (25 n), L EMGCRAERTIR] A 1472 s,
PETHZ 16.7%. P I 1 1 [ 45 Ak B[] 43031
13608 Fl1 9744 s, 7] %1 HT-COS % vk: 2 HAT B
) EHR AL B R | 4 F+24 28.4% (Windows 7 SP1,

Z/pm

i
X: 491 pm

Fl7 o — A R B AT SR 4R 0 SIM IR ZE R (a) 1% Hh AR R R RE A 58 B S A VR T il RAE B, (T 4 x, NA =
0.2 Yy B0 5%, L PF e 84 7, SR I7 Bl 494l 350 J2 5 (b) A S A EAT = MBS A B R A, -2 WU 45 HSV-

RMS S EAL BEF (G UI R 18 () 1B (a) TP2L 68 Sk 7 i X8R 3R B9 = 4R 000 i B R E#GE K&, 7] HSV-RMS 554 gE 47
EIMSZAL 3], 20 x, NA = 0.45 ¥ EE 1% (d) &l (c) M =4EE S 070 ; (e) FE RN SEAT =B B MR EE, B— )28 0E 4
HT-COS B AL BLS i vl v I8 (f) B (a) 2L R Sk B s KU R BOR i = 4E 60 R s KM R, 1] HT-COS 5k #
TEMRALTE, 20 x, NA = 0.45 Y85 308%E; (g) Bl (f) 19 =B 5L Aii

Fig. 7. 3D color imaging result of a Chinese tiger beetle: (a) Maximum intensity projection image of the tiger beetle under 4 x, NA
= 0.2 objective lens, the 3D volume is rendered from 84 data sets stitching and sliced 350 layers; (b) schematic diagram of 3D re-
construction in axial direction after imaging processing with HSV-RMS algorithm; (¢) maximum intensity projection images of the
area pointed by the red arrow in panel (a) processed with HSV-RMS algorithm. The images are captured under 20 x, NA =
0.45 objective lens; (d) 3D height map of panel (c); (e) schematic diagram of 3D reconstruction in axial direction after imaging pro-
cessing with HT-COS algorithm; (f) maximum intensity projection images of the area pointed by the red arrow in (a) processed
with HT-COS algorithm. The images are captured under 20 x, NA = 0.45 objective lens; (g) the 3D height map of panel (f).
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1 PIRP SIM B ESLUI R BT RE LA

Table 1.  Performance comparison of two algorithms for color optical sectioning SIM.

A BRIt /s EIMG AL PR /s EUGEEZ 7 /GB S HERE SRR B pixels
HSV-RMSH.#: 84 1767 1000 1010
HT-COSH 2 84 1472 670 1010

16GB RAM, Intel core i5-3470@3.2 GHz, Matlab
R2017a). & 1 XF L T WA 5 32 i LGRS Bt ]
EUE AL EER ], HT-COS 5.9 84 Mz 5 R
AF B[] ARG AL LRSS ] 43319870 1 295 il 3864 s,
X —FE TR T ZEANSH PEE 0 5 o e = 2 iR
T 5 43 Al R HT-COS 8%k 5 hndE
TR R A (4 2 43 R = 4R RS, 7T DA ek /)
S T R[]

TEAE 5 3 D (] 7(a) T 4n (55 Sk 35 1] X
%) FIH 20x, NA = 0.45 ¥ deA7 Rl il RO 1k
7 T PIROT IR R SC . X R 7(c) AR 7(5)
ATLUE Y, TER AR 2ZERN AT, HT-COS &
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AT SIM =400 UG 25 R bR T B AR
ST, eV R Wi — 4 s i b A
A4 B ELHE, FIH “shape from focus” .72,
AT DATE RS ] S B0 5 2 BRSBTS g Ay B2 2128240 %
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h(z,y) = arg, max[I(z,y, z)], (35)
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P 7(c) FEL7(F) M =B S5 A0 FHEA T E SR 1,
K 7(d) & 7(g) AEXT R = 4B S AR I, B
AR AR R & . IR AT RS 2
e 58 4 — 3, {3 HT-COS Sk B A Bk
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4 % #
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MR PREOR (8 =2 W U807 % (HT-COS), 52
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LR/ T 1/3, BMGAL BRI 29 T 2 28%. 52
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Abstract

As a wide-field microscopy, structured illumination microscopy (SIM) enables super-resolution and three-
dimensional (3D) imaging. It has recently received lots of attention due to the advantages of high spatial
resolution, short image recording time, and less photobleaching and phototoxicity. The SIM has found numerous
important applications in time-lapse imaging of living tissues and cellular structures in the field of biomedical
science. Color information is an important physical quantity describing the characteristics of living creatures
and reflects the differences in its microstructure and optical property to some extent. Although HSV (hue,
saturation, value) color space based structured illumination full-color 3D optical sectioning technique can
recover the full color information on the surface of the samples without color distortion. However, for each
optical sectioning, three raw images with fixed phase shift are required to calculate the sectioning images by the
root mean square (RMS) algorithm. This will dramatically increase the data acquisition time and data storage
space, especially for a large-scaled sample that needs image stitching strategy. The image processing progress
operated in HSV color space need to run the RMS algorithm three times in each channel of HSV space for every
section, and transform the images between RGB (red-green-blue) space and HSV space twice. This will
absolutely extend the data processing time and put forward higher requirements for computer hardware and
software for data storage and processing. To this end, in this paper, a fast 3D color optical sectioning SIM
algorithm based on Hilbert-transform is proposed. The Hilbert-transform has proved to be a powerful tool in
digital signal and image processing and has successfully applied to the SIM. Here, only two raw images with
structured illumination are needed to reconstruct a full-color optical sectioned image for each slice. This fast 3D
color sectioning method has the advantage of insensitivity to phase-shift error and has better adaptability to
noise, high quality color sectioning images can be obtained under the phase-shift error or noise disturbed
environment. The image acquisition data are reduced by 1/3 and the color optical sectioning reconstruction
time is saved by about 28%, this new method effectively improves the efficiency and speed for 3D color imaging

and will bring a wider application range for SIM.

Keywords: three-dimensional imaging, structured illumination, color, microscopy
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