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The single-pixel imaging (SPI) technique is able to capture two-dimensional (2D) images without conventional array
sensors by using a photodiode. As a novel scheme, Fourier single-pixel imaging (FSI) has been proven capable of recon-
structing high-quality images. Due to the fact that the Fourier basis patterns (also known as grayscale sinusoidal patterns)
cannot be well displayed on the digital micromirror device (DMD), a fast FSI system is proposed to solve this problem by
binarizing Fourier pattern through a dithering algorithm. However, the traditional dithering algorithm leads to low quality
as the extra noise is inevitably induced in the reconstructed images. In this paper, we report a better dithering algorithm to
binarize Fourier pattern, which utilizes the Sierra—Lite kernel function by a serpentine scanning method. Numerical sim-
ulation and experiment demonstrate that the proposed algorithm is able to achieve higher quality under different sampling

ratios.

Keywords: single-pixel imaging, binary Fourier basis pattern, the dithering algorithm
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1. Introduction

In conventional imaging systems, a sensor array is gen-
erally required to capture a two-dimensional (2D) image of a
scene by collecting light focused through an optical lens. An
innovative approach, known as single-pixel imaging (SPI), re-
places the multi-pixel sensor with a single photosensitive de-
tector as the imaging device by utilizing a spatial light mod-
ulator (SLM) or digital micromirror device (DMD) to pro-
vide either time-varying, structured detection of the scene or
time-varying, structured illumination onto the scene. The final
image is retrieved by correlating the recorded intensity sig-
nal with the corresponding structured illumination. The SPI
shares the same scheme to ghost imaging (GI),['"%! and it is
often considered to originate from GI.

By capturing 2D images using a single-pixel detector
(usually a photodiode), SPI has huge advantages, such as ro-
bustness to light scattering, flexible system configuration,!”-8]

and low cost, and has been widely applied to three-

9~ multi-spectral imaging, [1>13]

dimensional (3D) imaging,'
optical encryption, efc. However, low image quality and speed
still restrict the development of single-pixel imaging. In re-
cent years, Fourier single-pixel imaging (FSI) technique!!>~2?]
has attracted much attention because it can reconstruct high-
quality images by using Fourier basis patterns (also known
as grayscale sinusoidal patterns) for illumination. Each four

7/2 phase-shifted sinusoidal patterns owning the same sin-
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gle spatial frequency and yielding the scene Fourier coeffi-
cient at the spatial spectrum of the scene can be obtained.
Then, inverse Fourier transform is applied to reconstruct the
scene. Concerning experimental results, this technique has
been proven capable of achieving sub-millimetric depth accu-

(101 jmaging, '3 shadow-

racy in multi-modality 3D imaging,
free imaging,!!”! erc. But, from a practical point of view, the
grayscale illuminating patterns cannot fully take the advan-
tages of DMD high frame rate binary modulation, which is the
key component to achieve the real-time imaging. Therefore,
fast FSI system!!%! is proposed to solve this problem by us-
ing binary Fourier pattern through dithering algorithm, while
the dithered pattern would inevitably lead to extra noise in the
reconstructed image and the image quality cannot reach the
requirement for practical application.

In this paper, the principle of the dithering algorithm is
investigated. From the theoretical analysis, we report a bet-
ter dithering algorithm to binarize Fourier pattern, which uti-
lizes the Sierra—Lite kernel function by a serpentine scanning
method. This allows us to achieve higher image quality under
the same sampling ratio through the numerical simulation and
optical experiment. Consequently, the reported method raises
the accuracy of grayscale pattern generation of DMD-based
FSI in binary mode and provides an alternative approach to
improve FSI image quality.
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2. Theory
2.1. Phase-shifting Fourier single-pixel imaging

In contrast from the original single-pixel imaging system
directly using binary illuminating patterns, FSI uses Fourier
basis patterns for illumination, and each basis pattern Py (x,y)
is a grayscale sinusoidal pattern. The Py (x,y) is characterized
by its two-dimensional spatial frequency pair (fy, fy) and its
initial phase ¢

Py (x,y; fe, fy) =a+b-cosQrfox+2nf, + ¢), (1

where (x,y) is two-dimensional Cartesian coordinates, a is the
average intensity of the pattern, and b is the contrast. The si-
nusoidal patterns are sequentially projected on a commercial
digital projector and then illuminated onto the targets as struc-
tured illumination. The total intensity of the reflected light
from the targets can be expressed as

Iy(x,y: fo, fy) = / / R (x,y) Py (x,Y; fx, fy) dxdy, (2)
Q

where Q is the illuminated area, and R(x,y) represents the dis-
tribution of the surface reflectivity of the imaged targets in the
scene. The four-step or three-step phase-shifting algorithm is
applied to obtain the complex Fourier coefficients of different
frequencies to retrieve the Fourier spectrum of the scene. For
the four-step phase-shifting algorithm, each spatial frequency
pair (fy, fy) corresponds to four different phases (¢ =0, 7/2,
7, and 37/2). Applying the following equation, we can obtain
the complex-valued Fourier spectrum I(fy, f,) by illuminat-
ing four patterns and using four corresponding response (Dy,
Dy )3, Dy, and D3y ) for calculation

I(fe, fy) = [Do—Dz]+ j- [Dgjp — D3z 2] - 3)

For the three-step phase-shifting algorithm, the Fourier spec-
trum I(fy, fy) can be retrieved by using three corresponding
response (Do, Daz /3, and Dyy 3) for calculation

I(fe. fy)=[2Do — Daz /3 — Dagj3) +V3j " [Danj3 — Dagy3) - (4)

Because the conjugate symmetry of the Fourier spectrum
of natural images allows for perfect reconstruction by half-
sampling the spectrum, it consumes only 2N?(= N x N x 4/2)
measurements by using the four-step phase-shifting algorithm
to fully sample and 1.5N%(= N x N x 3/2) measurements for
the three-step phase-shifting algorithm.

Since most of the illuminating patterns are binary mod-
ulated, the original single-pixel imaging system lends itself
well to the DMD-based device by using its binary modulation
(each DMD mirror has only two states ‘ON’ and ‘OFF’) at its
maximum rate (~ 22 kHz). However, DMD cannot generate
grayscale patterns directly but only displays ~ 290 Hz at its 8-
bit mode. Therefore, the grayscale FSI is challenging to apply
to high-speed real-time imaging by using a digital projector.

2.2. Dithering algorithm analysis

To overcome the weakness for low-rate pattern generation
of FSI, Zhang et al.!'?! proposed to use a dithering algorithm
to convert grayscale sinusoidal patterns to binary sinusoidal
patterns based on the idea of error diffusion. The basic idea
of the error diffusion method is to compare the current pixel
value of the grayscale image with a threshold value to obtain
a binary output, and then spread the pixel difference between
the input and the output to the several adjacent unprocessed
regions by a certain percentage.

The principle of error diffusion can be expressed as

g*(m,n):g(m,n)—i—Z:w(k,l)~e(m—k,n—l)7 5)
k1

where g(m,n) is the original Fourier pattern, and g*(m,n) is
the gray value of the original pattern after adding the quanti-
zation error of the surrounding pixel diffusion at (m,n). The
quantization error e(m,n) at the pixel (m,n) is diffused to sev-
eral adjacent pixels by a two-dimensional weighting function
w(k, 1), which is also called the kernel function.

According to the threshold T, the pixel value at g*(m,n)
can be binarized, and the output binary dithered pattern b(m, n)
can be expressed as

b(m,n) = Q[g* (m,n) —|—kz;’w(k,l) -e(m—k,n—l)}, 6)

where the threshold T is typically 128 and Q[] represents
the threshold quantization function. The quantization error
e(m,n) is

e(m,n) =b(m,n)—g*(m,n). @)

The principle of the dithering algorithm due to error diffusion
is illustrated in Fig. 1.

(m,n) “(m;n)
s T Qu l -
B +

e[m,n]
Wim,n]

Fig. 1. Principle of the dithering algorithm due to the error diffusion.

To facilitate the analysis of the algorithm, the quantiza-
tion error e(m,n) can also be written as

e(m,n) = g* (m,n) —b(m,n)

= g(m,n) —b(m,n) +Zw(k,l) ce(m—kn—1). (8)
k.l
From Eq. (8), the quantization error of the current pixel not
only depends on the input and output pixel value at this posi-
tion but also includes the influence of the processed region on
the current pixel.
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The kernel function w(k,/) is the most critical parameter
in the error diffusion method and the dithering algorithm will
be different with different kernel functions. Usually, the kernel
function for traditional dithering algorithm can be expressed as

- x 7
351}7 ®)

represents the processed pixel, x is the pixel

w(k, 1) = 1i6 {

w9

where “—
currently being processed, and the adjacent numbers (called
weights) represent the proportion of errors assigned to the lo-
cation. It is also called the Floyd—Steinberg kernel function.

Usually, the traditional algorithm can result in partial
structural texture between bright and dark tones, and the
boundary processing effect is not ideal in some parts. Simulta-
neously, the error will cause the water impact of flow and lead
to the decrease of the image quality by using sequential scan-
ning method calculating from the left-hand pixel to the right-
hand pixel, and then from the top pixel to the bottom pixel. To
obtain a smaller quantization error for binary Fourier patterns
and better structural similarity with the grayscale Fourier pat-
terns, we report an improved dithering algorithm by utilizing
Sierra—Lite kernel function and applying serpentine scanning
method; namely, the error is obtained from the left pixel to the
right pixel in odd rows, and then from the right pixel to the left
pixel in even rows.

Therefore, the kernel function of odd rows can be ex-

pressed as
If — x 2
w(k,l) = 1 { 11 0 } . (10)
Correspondingly, the kernel function of even rows is
12 x -
/ —
w(k,l)—4{0 11 } (11)

1IJ1]

(a) (b)

The serpentine scanning method is shown in Fig. 2, where the
parameters , B, and 7y represent the error diffusion coeffi-
cients in the kernel function in Fig. 2, i.e., a = 1/2, B = 1/4,
and y=1/4.

———— odd o
— A
t even

a<—|$\
\‘—+ Y
L . odd b
(a) (b)
Fig. 2. Serpentine raster scanning method and error diffusion. (a) Serpen-

tine scanning method; (b) error diffusion coefficient in odd rows and even
TOWS.

3. Experiments

The feasibility of the improved dithering algorithm by uti-
lizing the serpentine scanning method is validated by the nu-
merical simulation and optical experiment in the subsection.
We use the three-step phase-shifting algorithm, where ¢ is set
to 0, 27 /3, and 47 /3, respectively.

3.1. Numerical simulation

In the numerical simulation, we first directly observe the
binary sinusoidal patterns generated by the two dithering algo-
rithms. Figure 3 presents the binary pattern of different dither-
ing algorithms.

From Fig. 3(b), for Floyd-Steinberg dithered pattern,
there is large-area asymmetric texture appearing on both sides
of the stripe, which would affect the image quality to some ex-
tent. While in Fig. 3(c), the Sierra—Lite dithered pattern has a
better distribution of stripes and is relatively uniform, with no

visible texture and distortion.

Fig. 3. Comparison of dithered patterns by intuition. (a) Grayscale pattern; (b) Floyd—Steinberg dithered pattern; (c) Sierra—Lite

dithered pattern by a serpentine scanning method.

(a) -a=- Floyd—Steinberg dithered pattern
0.358 —a—Sierra—Lite dithered pattern
0.356|— %~
wn N,
0.354 N3
= ez
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Fig. 4. Comparison between Floyd—Steinberg dithered pattern and Sierra-Lite dithered pattern. (a) The RMSE of two dithered
patterns; (b) intensity difference between dithered pattern after defocusing and the ideal sinusoidal pattern.
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The second stage is to compare the similarity between
each binary pattern and ideal grayscale sinusoidal pastern for
quantitative description because higher similarity represents
the excellent sinusoidality for the dithered pattern. It is certain
that the Fourier spectrum of the scene image with three-step
phase-shifting sinusoid illumination would be more precise.
The root-mean-square error (RMSE) is applicable to describe
the similarity between the dithered pattern and ideal sinusoidal
pattern. Figure 4(a) shows two groups of RMSEs in the dif-
ferent fringe period. The first group is between the Floyd—
Steinberg dithered pattern (FSP) and ideal sinusoidal pattern
(dashed line), and the second group is between the Sierra—Lite
dithered pattern (SLP) and the ideal sinusoidal pattern (solid

1% 5%

Floy—Steinberg
dithering

Sierra—Lite

dithering

(e)

line). From Fig. 4(a), the SLP has the lower root mean square
error under the same fringe period, demonstrating a better sim-
ilarity with the ideal sinusoidal pattern.

It should be noted that the binary dithered pattern could
be converted to grayscale by employing the defocusing tech-
niques. Therefore, we decide to calculate any line of intensity
difference to describe sinusoidality between dithered patterns
after defocusing an ideal pattern. As shown in Fig. 4(b), it
could be seen that the difference between the SLP (solid line)
is significantly lower than that of FSP (dashed line), and it is
stable in a relatively small range, indicating that the grating
has better sinusoidal quality and higher pattern quality.

Sampling ratio

10% 25%

(h)

Fig. 5. Comparison results for testpat pattern reconstruction by FSP and SLP for different sampling ratios.

Table 1. Quantitative comparison results for testpat.

Sampling ratio

Method
1% 5% 10%  25%
PSNR/dB Flo?/—Steln.berg. d1th.er1ng 8.54 1629 18.13 22.03
Sierra-Lite dithering 8.47 17.14 1998 2324
SSIM/% Flo?/—StelnF)erg' dlthfermg 356 4372 70.39 86.62
Sierra—Lite dithering 357 5397 76.04 89.56

Floy—Steinberg
dithering

Sierra—Lite

dithering

As the results indicated in Fig. 5, the reconstructed ‘test-
pat’ pattern has less obvious texture and distortion under dif-
ferent sampling ratios by applying Sierra—Lite dithered algo-
rithm. From Table 1, the PSNR and SSIM of the reconstructed
image by using Sierra—Lite dithering algorithm increase by ap-

proximately 10% and 8% under 10% sampling ratio.

Sampling ratio

10%

(h)

Fig. 6. Comparison results for Lena image reconstruction by FSP and SLP for different sampling ratios.
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In the following simulations, we set two widely used stan-
dard 128 x 128 pixel test images, ‘testpat’ target pattern and
the Lena image, as target scenes through simulation. We use
peak signal-to-noise ratio (PSNR) and structural similarity in-
dex (SSIM) to quantitatively evaluate the quality of the recon-
structed images. Two algorithms are implemented using Mat-
lab on an Intel Core i5-7200 2.5-GHz CPU computer, with
8-G RAM and 64-bit Windows 10 system. Please note that,
for Tables 1-2, the data in bold are the overall best results.

Table 2. Quantitative comparison results for Lena.

Sampling ratio

Method
1% 5% 10%  25%
PSNR/AB Flo?lfstem'berg. dlthfll‘lng 1799 2134 2289 26.05
Sierra—Lite dithering 18.13  22.14 2397 27.37
SSIM/% F 10)./—Stem.berg. d1thf3r1ng 40.25 62.00 71.10 80.96
Sierra—Lite dithering 40.46 65.53 75.02 84.53

As the results in Fig. 6 show, the Sierra—Lite dithered
pattern for ‘Lena’ image which is a natural image outper-
forms the Floyd—Steinberg dithered pattern. The reconstructed
‘Lena’ image quality has obviously improved under any sam-
pling ratio. From Table 2, the PSNR and SSIM of the recon-
structed image by using Sierra—Lite dithering algorithm prove
this point sufficiently. Thus, based on the comparison results,
it is found that the improved dithering algorithm can have bet-
ter performance for both images.

3.2. Optical experiments

To further compare the performance of the two dithering
algorithms, we have built an experimental prototype (Fig. 7(a))

to capture data. As shown in Fig. 7(b), the experimental pro-
totype consists of an illumination system, a detection sys-
tem, and a target. The illumination system consists of a
continuous wave (CW) laser source (wavelength: 532 nm;
300 mW) and a camera lens. The detection system uses DMD

(Texas Instruments Discovery 4100, 1024 x 768, wavelength:

(a) | & AR

L

illumination system

(b)

,,,,,,,,,,,,,,,,,

target

)

collectinge—
lens

single-pixel

Fig. 7. Experimental setup. (a) Experimental prototype; (b) prototype
schematics.

Measurements (sampling ratio)

983 (1%)

Floy—Steinberg

dithering
SNR =17.74
(a)
Sierra—Lite
dithering *

SNR = 22.52
(d)

1964 (2%) 3933 (4%)

4 4

SNR = 22.82 SNR = 25.39
(b) (c)

1 {

SNR = 27.77 SNR = 30.53
(e) ®)

Fig. 8. Experimental SPI results of different dithering algorithms.
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350 nm-2500 nm, working at binary mode 22 kHz) and a
silicon photomultiplier (Excelitas, LvnX-A) which is used
as a single-pixel detector, a collecting lens, a data acquisi-
tion amplification circuit, and a computer. The target is a
4 cmx3.5 cm ‘plane’ model located at 3.3 m away from the
imaging system. The laser source continuously emits light
fields towards the target to reflect onto the DMD, is then modu-
lated by the DMD, and finally reflected out onto the target. The
measured intensities are acquired and transferred to a com-
puter to calculate the complex Fourier coefficients and to per-
form inverse Fourier transform for image reconstruction.

The results are shown in Fig. 8. The resolution of the re-
constructed images is 256 x 256 pixels. As the figure shows,
the Sierra—Lite dithered pattern presents clearer and sharper
reconstruction images than the Floyd—Steinberg dithered pat-
tern does in the case of different sampling ratios. The results in
this experiment arrive at the same conclusions as those of the
above simulations. The image quality can be compared quan-
titatively by the signal-to-noise ratio (SNR), which is defined
in

SNR = ({I) = {I)) / O,

where () is the average intensity of the image feature, () is
the average intensity of the background, and oy, is the standard
deviation of the background. Here, the image feature () is
calculated from the image highlighted by solid white squares,
and (I,) and o}, are calculated from the image highlighted by
the dashed-white squares in Fig. 8(a). The calculated results
show that the SNR of the image reconstructed by Sierra—Lite
dithering algorithm is ~ 22% higher than that of the Floyd-
Steinberg algorithm, demonstrating a better image quality.

4. Conclusion and perspectives

In this work, by applying an improved dithering algorithm
on the structured illumination, we have managed to use Sierra—
Lite kernel function by serpentine raster scanning method to

improve the image quality of the binarized Fourier single-pixel
imaging. We present a specific comparison between the im-
age quality of the Floyd-Steinberg dithering algorithm and
the Sierra—Lite dithering algorithm. Numerical simulation and
experimental results show that the improved binary illumina-
tion pattern of the proposed algorithm has higher similarity
and better sinusoidal with the grayscale patterns than the tra-
ditional binary pattern, and the reconstructed images have bet-
ter image quality. To some extent, the proposed algorithm
makes both low noise and high frame rate available simulta-
neously, and overcomes the limitation of the high speed and
low-quality trade-off in binaried Fourier single-pixel imaging.
It may also push forward the development of high-quality real-
time single-pixel imaging.
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