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Abstract: This study presents a computational ghost imaging (GI) scheme that utilizes sequenced
random speckle pattern illumination. The primary objective is to develop a speckle pattern/sequence
that improves computational time without compromising image quality. To achieve this, we modulate
the sequence of speckle sizes and design experiments based on three sequence rules for ordering the
random speckle patterns. Through theoretical analysis and experimental validation, we demonstrate
that our proposed scheme achieves a significantly better contrast-to-noise rate (CNR) compared to
traditional GI at a similar resolution. Notably, the sequential GI method outperforms conventional
approaches by providing over 10 times faster computational speed in certain speckle composition
groups. Furthermore, we identify the corresponding speckle sizes that yield superior image qual-
ity, which are found to be geometrically proportional to the reference object area. This innovative
approach utilizing sequenced random speckle patterns demonstrates potential suitability for imag-
ing objects with complex or unknown shapes. The findings of this study hold great promise for
advancing the field of computational GI and pseudo-thermal GI, addressing the need for improved
computational efficiency while maintaining high-quality imaging.
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1. Introduction

Ghost imaging (GI) is a nonlocal technique that retrieves object information by cor-
relating two beams. One beam interacts with the object and is detected by a single-pixel
detector, while the other beam, which never interacts with the object, is recorded by a
spatially-resolved array detector, such as a CCD camera. The pioneering GI experiments
utilized quantum-entangled photons generated through spontaneous parametric down-
conversion and reconstructed object images through spatial quantum correlations after
point-by-point scanning [1]. Subsequently, GI has been demonstrated with thermal [2-5]
and pseudo-thermal light based on random patterns [6,7], allowing for the exploration of
Gl in the classical domain with intensity correlations. While quantum GI generally exhibits
superior image quality, its application is limited by the available wavelength range [8-10].
In contrast, GI based on fluctuating intensity speckle patterns offers greater flexibility
in terms of wavelength, even extending to the X-ray regime [11-13], making it a widely
studied and globally recognized method.

Speckle patterns typically refer to the intensity distribution resulting from the mu-
tual interference of a set of beams with random wavefronts. Pseudo-thermal GI (PGI)
employs scattering of a coherent laser beam by a rotating ground glass diffuser to gen-
erate the speckle patterns [14]. On the other hand, computational GI (CGI) replaces the
pseudo-thermal source with a deterministic illuminator. The illuminating light beam is
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modified using a computer-controlled spatial light modulator (SLM) or digital micromirror
device (DMD) [15] before interacting with the object. By predefining speckle patterns with
the modulator, GI can be simplified using only a single beam and a single-pixel detector.
Recently, speckle fields have been extensively utilized in the study and application of
GI, employing both PGI and CGI approaches [16-19]. Numerous advanced GI schemes
with well-designed patterns have been proposed, including phase-shifting sinusoidal pat-
terns [20], Walsh-Hadamard patterns [21], and Gram-Schmidt-processed orthonormal
patterns [22]. To further enhance image quality, optimization techniques such as “Rus-
sian Dolls ordering” [23], “Zigzag scanning ordering” [24], “Cake-cutting strategy” [25],
“Origami Pattern” [26], and “Total variation ascending order” [27] have been developed
to optimize speckle pattern selection and sequence, particularly for Hadamard transform
patterns. These strategies offer advantages such as reduced ghost image reconstruction
time and improved image quality with less iteration.

While it has been demonstrated that well-designed speckle patterns in DMD or SLM-
based CGI can enhance image quality and reduce reconstruction time, this approach relies
heavily on expensive electronics and beam-shaping devices. Moreover, the limitations
of the SLM or DMD, such as the working wavelength and damage threshold, pose con-
straints on extending the wavelength range or long-distance sensing in PGI. Additionally,
commonly used digital devices introduce quantization errors that result in unnecessary
noise. Therefore, classical random speckle patterns generated using a rotating ground
glass plate hold great potential for practical applications. Investigating the effect of these
classical random speckle patterns on ghost image quality is crucial. Several properties of
this scheme have been studied in theory and experimentally, including speckle size modu-
lation [14,16-18], Schmidt GI [22], GI via sparsity constraint [28], pseudo-inverse GI [29],
Bayesian denoising methods [30], and pink noise speckle patterns [31]. These methods
have been shown to significantly improve reconstruction efficiency and image quality;
however, they often involve complex and time-consuming manipulations of Hadamard
matrices compared to random speckles and are limited to CGL

In this work, we propose a method to modulate speckle size and step sequences to
enhance image quality. We experimentally investigate the influence of different rules for
sequenced speckle pattern projection on the contrast-to-noise rate (CNR) of the retrieved
ghost images in a DMD-based computational sequenced GI (SGI) system. Furthermore,
we perform simulations under ideal conditions to verify the feasibility of this sequenced
method. Our results demonstrate that SGI effectively improves image quality and reduces
sampling requirements compared to traditional GI (TGI). The SGI approach holds great
promise for achieving high-quality GI with flexible wavelength capabilities. Moreover, it
can be readily applied to PGI and DMD or SLM-based CGI, providing a versatile solution
for various imaging scenarios.

2. Experiment Setup and Measurement Principle
2.1. Experiment Setup

The experiments were conducted using a DMD-based computational ghost imaging
(CGI) setup, specifically the Vialux™ DLP V- module V4100 board. The setup consisted
of a 0.7-inch diagonal array comprising 1024 x 768 micromirror elements with a pitch of
13.6 um, as illustrated in Figure 1. The diameter of a He—Ne laser beam was expanded
using a beam expander and directed onto the DMD surface. The sequenced speckle patterns
were then projected onto the object using the DMD, which had a refresh rate of 40 Hz.
The programmed series of sequenced speckle patterns on the DMD approximated the light
field’s intensity distribution on the object plane. Each random speckle pattern provided a
unique configuration of image intensities. In the experiment, a set of 1024 x 768 digitally
microscanned patterns was sequentially displayed on the DMD. These sequenced random
speckle patterns passed through the object being imaged, which was positioned at a distance
of 0.5 m from the DMD. The transmitted intensity signals were detected using a photodiode
acting as a bucket detector (Thorlabs, PDA36A-EC). The system could be easily controlled
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and triggered using a data acquisition card. A computer was employed to generate the
sequenced speckle patterns, control their exhibition, record the light intensity data from the
data acquisition card, and reconstruct the image. The retrieved ghost image was reconstructed
by correlating the intensity signals with the sequenced random speckle patterns. To underscore
the feasibility and performance of sequential ghost imaging (SGI), we fabricated a laser-cut
window-shaped transmitting object. Importantly, the window structure employed in our
experimental setup simultaneously captured different target sizes. The depicted cross in the
figure symbolizes detailed target information, while the four rectangles exemplify the imaging
quality for relatively larger targets. This selection of targets serves to highlight the robustness
of our sequential speckle method. The actual object profile is presented in Figure 1.
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Figure 1. Conceptual diagram of the computational SGI system. A He-Ne laser illuminates a high-
speed DMD, on which rapidly-changing sequenced random speckle patterns are displayed. A bucket
detector synchronized with the DMD acquires and transfers the measured data to a computer for

image reconstruction.

2.2. Measurement Principle

In SGI, a DMD is used to sequentially project N different illuminations of random
speckle patterns, S1(x,y), S2(x,y), ..., Su(x,y), onto the object O(x,y). The corresponding
sequence of intensity signals, I1(p), I2(p), - .. , I.(p), is recorded by the bucket detector. The
intensity signal IN for the nth speckle pattern can be calculated as follows:

I, = JJO(x,y)Sn(x,y)dxdy. 1)

The object image can be reconstructed using common correlation reconstruction algo-
rithms [1-3,32,33]. .

G(x,y) = 55 Lonea (In = (1)Su(x,y). @)

Here, the ghost image G(x,y) depends on the designed intensity distribution S;(x,y) of
sequenced random speckle patterns and the intensity signals IN. In each experiment and
simulation, we used a total of 9000 patterns.

To quantitatively evaluate the retrieved ghost image quality, we employ the contrast-
to-noise ratio (CNR) and resolution. The CNR is commonly calculated by comparing the
object signal strength to the background signal strength and normalizing it to the image
noise [18,19]. This measure helps distinguish object signals from background noise.

Since there is a trade-off between CNR and resolution, we estimate the resolution
of the retrieved ghost image using a method originally proposed by P. Sandra et al. [34].
The principle of resolution estimation is depicted in Figure 2. An area of the retrieved
ghost image is selected such that it is equally covered by the signal and background. By
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fitting the measured line-out in Figure 2 with a Gaussian curve and determining the fitting
parameters wj, wy, and At, the resolution R can be calculated using Equation (3).

R 20 -

wq +CU2'

Object profile
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Gaussian
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of the normalized data

Figure 2. Resolution measurement of an image. Gaussian fitting is performed on all line-outs due to
the presence of noise. The resolution of two peaks is defined as the separation of their average peak
width at the base. At represents the distance between two peaks, and w1 and w2 denote the widths
of the peaks, respectively. The full width at half maximum (FWHM) of the double Gaussian curve is
calculated using d1 and ;. The center point position of the Gaussian curve is determined by At.

Based on the findings from previous pseudo-thermal ghost imaging experiments [19],
we have confirmed a significant degradation in the quality of ghost images as the speckle
size increases. However, it is observed that with larger speckle sizes, the speed of image
appearance during reconstruction also increases. Considering this trade-off scenario, we
introduce a novel approach called sequential ghost imaging (SGI) as a solution.

To investigate the relationship and patterns of sequenced random speckle patterns
in SGI, we divided them into three distinct groups based on different ordering methods.
These groups were created by arranging speckles of varying sizes to form multiple se-
quence combinations, as illustrated in Figures 3 and 4. The three ordering rules were
named Different Step (DS), Different Directions (DD), and Different Group (DG) for easy
understanding and differentiation. In DS, speckle sequences were designed with increasing
sizes, incrementing in different steps. Specifically, DS-1 to DS-5 featured speckles ranging
from 27 pm to 540 um with average step sizes of 26.68 um, 54.39 um, 108 um, 256 um,
and 513 pm, respectively. The average step sizes were calculated to account for practical
limitations while maintaining the increment of speckle size. In DD, we examined two sets
of speckle sequences: one with increasing speckle sizes (DD-1) and another with decreasing
speckle sizes (DD-2). These sequences were compared to DS-3 and DS-4, respectively,
which followed a stepwise decrease in speckle sizes within the same range as DS-1 and
DS-2. For DG, we explored different speckle composition groups, as shown in Figure 4.
Eight groups were devised with varying speckle patterns for ghost imaging. DG-1 to DG-4
comprised four speckle patterns each, while DG-5 and DG-6 contained six speckle patterns
per group. The final two groups, DG-7 and DG-8, expanded to eight speckle patterns.
Notably, considering the speckle size steps, we compared the mean speckle size steps of the
speckle composition groups: 13.24 um for DG-1, DG-5, and DG-7, and 25.40 um for DG-2,
DG-6, and DG-8.
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Figure 3. Ordering principle of sequenced random speckle patterns with different speckle size steps
and directions. (a) Ordering with different speckle size steps (first rule, DS: Different Step. DS
represents speckle sequences with different increases in speckle size). (b) Comparison of different
speckle sorting directions with fixed speckle size steps (second rule, DD: Different Directions. DD
represents two sets of speckle sequences in which speckle size increases and decreases, respectively).
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Figure 4. Ordering principle of sequenced random speckle patterns with different speckle compo-
sition groups (rule three). Each group is denoted by DG followed by the group number and the
pattern indices within the group. For example, DG-1-1 to —12 represents Group 1 with patterns 1 to
12. DG-2-1 to —6 represents Group 2 with patterns 1 to 6, and so on. DG represents a combination of
speckle sequences with multiple speckle sizes.

Across all groups, the speckle size range for DG-1, DG-3, DG-4, DG-5, and DG-7
was 16.5 pm to 496 um. In contrast, DG-2, DG-6, and DG-8 encompassed a speckle size
range of 16.5 um to 550 pm. It is important to note that the first and last speckles in each
group overlapped with the previous and subsequent groups, respectively. In the upcoming
experiments, we will assess the CNR and resolution of these sequence rules, aiming to
evaluate their performance.

3. Experiments and Simulation Results

In order to assess the effectiveness of speckle fields in three groups (DS, DD, DG) for
image reconstruction, we conducted experiments and simulations using a window-shaped
object. We evaluated the image quality based on the contrast-to-noise ratio (CNR) and
resolution, which are significant measures for assessing image reconstruction. Initially,
we compared our novel approach to the traditional TGI method, which relied on fixed
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speckle sizes ranging from 27 um to 516 um. Our results confirmed that increasing the
speckle size up to the maximum value resulted in an increase in CNR, with a maximum
CNR of 1.8634 obtained at a speckle size of 164.5 um in Figure 5. However, we observed a
drop in visibility in the retrieved ghost images when the speckle size exceeded 297.5 um,
even though the CNR remained constant. This phenomenon was evident from the blurred
object boundaries in the retrieved ghost images, which was attributed to higher noise levels
between intensity peaks compared to the background noise. To assess imaging quality in
such cases, we employed resolution as a tool, and the best resolution of 1.16 was obtained
with the smallest speckle size of 27 um in Figure 5. While the TGI demonstrated good
CNR, the corresponding resolution was lower (R = 1.10). Overall, our experimental results
were consistent with existing theories [18,19], enabling subsequent comparisons with the
SGI method.
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Figure 5. Retrieved CNR and resolution vs. speckle patterns obtained for TGI experiments. (a) Shows
the retrieved ghost images and corresponding resolution. (b) Shows the retrieved CNR of the
window-shaped object increased with higher speckle size, and the resolution was worse with higher
speckle size.

According to the first rule of the SGI with different steps, we present the results for
the five DS groups (DS-1 to DS-5) in the experiments shown in Figure 6. As the mean step
size for speckles increased from 26.68 um to 513 um from DS-1 to DS-5, respectively, the
imaging quality significantly decreased. The resolution of the retrieved ghost image for
DS-1 and DS-2 was higher compared to the other groups. The imaging performance of the
SGI in groups DS-1 to DS-3 also surpassed the best CNR obtained in the TGI. This indicates
the superiority of SGI in reconstructing objects of unknown sizes. Notably, the SGI for DS-1
with a mean speckle size step of 26.68 um could reconstruct the object with a higher CNR
than the TGI, while maintaining a similar resolution. To validate our findings, we simulated
the observed behavior of the SGI using the same model employed for TGI, as shown in
Figure 6. The simulation results closely matched the experimental results, demonstrating
that the SGI with different steps yields better images with a reduced number of iterations.

We apply the second rule of SGI, which involves speckle sorting directions, to select
two speckle size ranges with a mean speckle step size of 26.68 pm. This allows us to
compare the SGI in opposite sequence directions. The group comprising DD-1 and DD-3
falls within the speckle size range of 27 um to 540 um, while the group comprising DD-2
and DD-4 falls within the speckle size range of 27 pm to 192 um. As shown in Figure 7b, the
experimental results indicate that the CNR and resolution for the DD-1 and DD-3 groups
are comparable to those of the DD-2 and DD-4 groups. The visibility of the retrieved
ghost images and the horizontal line-outs of the normalized data also exhibit similar
characteristics when visually inspected in Figure 7a. The numerical results related to the
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experiment and simulation data are presented in Figure 7b, along with the corresponding
retrieved ghost images.

Experiment Simulation
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Figure 6. Retrieved CNR and resolution of the SGI with different steps (DS) in both experiments
and simulations. (a) illustrates the retrieved image and resolution of the window-shaped object for
the experiment and simulation, respectively. (b) displays the retrieved CNR and resolution of the
window-shaped object with different steps in both the experiment and simulation, respectively. The
blue dashed lines represent the horizontal line-outs of the normalized data of the retrieved ghost
images, while the solid blue curves represent the object.
Experiment Simulation
o DD-1 @ DD-2 | DD3 | DD4 @ DD-1 | DD2 | DD3 | DD4
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Figure 7. Retrieved CNR and resolution of the SGI with different speckle sorting directions (DD)
in both experiment and simulation. (a) presents the retrieved image and resolution of the window-
shaped object for the experiment and simulation, respectively. (b) demonstrates the retrieved CNR
and resolution of the window-shaped object with different speckle sorting directions in both exper-
iment and simulation, respectively.. The blue dashed lines depict the horizontal line-outs of the
normalized data from the retrieved ghost images, while the solid blue curves represent the object.

To verify the universality of the proposed method, we also compare the CNR and
resolution of the SGI with different speckle composition groups, as per the third rule.
The third rule of the SGI consists of eight groups, and we conducted experiments and
simulations to compare the CNR and resolution with the TGI, as shown in Figure 8. To
ensure a fair comparison of the ghost image quality between the SGI and TGI under
the same conditions, we evaluated the CNR of the retrieved ghost images, aiming for a
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resolution close to that of the TGI for the best CNR. The TGI achieved a highest CNR of
1.8873 with a speckle size of 164.5 um, corresponding to a resolution of approximately 1.10.
Therefore, we mainly present the data with a resolution above 1.0 and their corresponding
CNR in Figure 8.

(a) Experiment

Group number DG-1-4 DG-1-5 DG-1-6 DG-1-7 | DG-2-3 DG-2-4 | DG-2-5 DG-3-2
Retrieved e e an s T e - ‘s
ghost image LR LR e - -n -n > LR ' TGI
CNR 2.0696 | 19736 = 2.1108 2.0918 20333 | 1.9859 | 24167 | 2.0283 a8
Resolution 1.0132 1.0657 1.0571 1.0207 1.0411 1.0135 ‘ 1.0135 1.0563 an
Group number DG-3-3 DG-5-3 DG-5-4 DG-6-2 DG-6-3 DG-7-2 DG-7-3 DG-8-2 1.8873
Retrieved (L] 1) ‘s s -w L e e 1.1000
ghost image LA L LA bt bk .“. .. g
CNR 20677 | 1.8873 2.0650 | 2.0986 2.3282 1.9440 | 1.9978 2.1981
Resolution 1.0132 1.0556 1.0345 | 1.0563 1.0207 1.0511 1.0496 1.034
(b) Simulation
Group number DG-1-5 | DG-1-6 ‘ DG-1-7 DG-2-1 | DG-2-2
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Retrieved
ghost image

Resolution 1.0872 1.1523 1.0526 1.0256 1.0719 ‘ 1.0405 1.0748 1.0191 1.0685 1.0260

CNR . 27169 2.3754 | 27141  2.6121 2.1491 | 2.7935 | 2.6091 | 2.6584 2.5535 | 2.5752 |

Figure 8. Evolution of the retrieved CNR and resolution of the SGI with different speckle composition
groups (DG). (a) Experimental Results: the figure shows the evolution of the retrieved CNR and
resolution for the SGI using different speckle composition groups (DG). For DG-1 and DG-2 groups,
the best CNR values close to the TGI resolution are observed in DG-1-4, -5, -6, -7 and DG-2-3, -4, -5.
In DG-3 and DG-4 groups, the group DG-3-2, -3 exhibits high-quality retrieved images. Similarly, for
DG-5 and DG-6 groups, DG-5-3, -4 and DG-6-2, -3 demonstrate higher CNR values and improved
resolution. In DG-7 and DG-8 groups, the high-quality reconstructed images can be found in DG-7-2,
-3 and DG-8-2. (b) Simulation Results: the simulation results show a similar trend in the correlation
between image quality and speckle size as observed in the experimental results.

Figure 8 showcases the experiments and simulations conducted for the DG-1 to DG-8
groups, respectively. For the DG-1, DG-5, and DG-7 groups, the mean speckle size step is
13.24 pm within the speckle size range from 16.5 pm to 496 um. Each small group in DG-1,
DG-5, and DG-7 consists of 4, 6, and 8 speckle patterns, respectively. In Figure 8, the group
DG-1-5 exhibits the best CNR and a resolution close to that of the TGI within the DG-1
group. Similarly, for the DG-5 and DG-7 groups, the best CNR close to the TGI resolution
can be found in the groups DG-5-3, -4 and DG-7-2, -3, respectively. Regarding the DG-2,
DG-6, and DG-8 groups, the mean speckle size step is 25.40 um within the speckle size
range from 16.5 um to 550 pm. We only consider resolutions higher than 1.0 in this case.
The group DG-2-5 shows the best CNR but with a lower resolution. Generally, the group
DG-6-2 exhibits higher CNR and better resolution, followed by the group DG-2-2, -3, and
DG-8-1, -2. Lastly, for groups 1 to 4, with the same speckle size steps of 13.24 pm within
the speckle size range from 16.5 um to 496 pm, the best CNR close to the TGI resolution
can be found only in the group DG-1-5, -6 and DG-2-2, -3 for the DG-1 and DG-2 groups,
respectively. For the DG-3 and DG-4 groups, the best CNR close to the TGI resolution can
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be found only in the group DG-3-2. Although these groups have similar resolutions, DG-1-6
and DG-2-2 demonstrate better performance in terms of ghost image quality. Moreover,
when arranging the results by multiplying the values of CNR and resolution in ascending
order, DG-2-5 exhibits the highest value of 2.45. Our numerical simulations also indicate
that these sequenced speckle pattern groups yield a better CNR with competitive resolution
compared to the TGL

In summary, we observe that better image quality can be achieved using the speckle
patterns from the groups DG-1-6, DG-2-3, DG-2-5, DG-3-2, DG-6-2, and DG-6-3 in the SGI.
Additionally, when arranging the results by multiplying the values of CNR and resolution
in ascending order, DG-2-5 exhibits the highest value of 2.45. This can be calculated
using CNR and resolution and verified visually. The best-performing groups can be easily
identified from the summary provided in Figure 9. By carefully selecting the speckle
sequence, significantly improved imaging quality compared to the TGI can be achieved.

2.50

* TGl1645um @ DD-2 A DG-1-5 /N DG-1-6 DG-5-3
DG-5-4 ® 1G22 O D623 DG-3-2 z DG-6-2
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Figure 9. Speckle size range of SGI groups with higher CNR values and resolutions exceeding 1.0.
The range includes the speckle size of the high-quality image in the TGI, which is 164.5 um.

To further analyze the SGI groups, we summarize the speckle distribution of the
typical groups with resolutions close to the TGI, considering a speckle size of 164.5 um.
Since the four small windows of the window-shaped object can be treated as independent
small objects, we use the smallest window as a reference. Given the uniform distribution
of speckle patterns that can completely cover the object in the experiment, the imaging
quality of each small window is very similar. Hence, we consider the smallest window as
the reference object. By considering CNR and resolution comprehensively, we find that the
speckle distribution of the majority of groups is within the range of 164.5 pm to 303 um
(Figure 10). It appears that the best image quality in the SGI is achieved when the speckle
area covers approximately 0.3 to 1 times the reference object area. This provides a reference
for further optimizing the imaging quality of the SGI.

To verify the advantages of the SGI in reducing the number of necessary iterations,
we plot the CNR curves for different iterations for the best groups in the SGI. Typically,
a better image quality can be obtained from the object with more iterations, but at the
expense of longer imaging time. In order to compare the CNR of the retrieved ghost
images more intuitively, we select 11 groups from the SGI with better CNR and resolutions
between 1.0 and 1.1. As shown in Figure 10, the CNR significantly improves as the number
of iterations increases. For the TGI, after 9000 iterations, the CNR at the speckle size of
164.5 um is considered as the standard with a value of 1.8873. We analyze the number
of iterations required for different SGI groups and indicate the iterations required for
the different groups using a dotted line representing the iterations with a CNR of 1.8873.
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DG-6-3 and DG-2-5 require only 705 and 813 iterations, respectively, with reconstruction
times of 22.48 and 25.16 s. These iterations are reduced by more than 90% compared to
the TGL. In the case of DG-2-5, the speckle size consists of 4 speckle patterns spaced at
approximately 30pum intervals, ranging from 344 um to 424 pm. Notably, the average size
of these 4 speckle patterns corresponds to the smallest width of the object (window). This
implies that when the pattern size closely matches the object size, the image quality and
reconstruction speed reach their optimal levels. Even for most groups with slightly higher
resolutions, as shown in Figure 10, less than half of the iterations are required.

—TGI_164.5pm ——— DG-1-5 =—=DG-1-6 DG-2-3 ——DG-2-5
25+ DG-3-2 DG-5-3 DG-5-4 DG-6-2 DG-6-3
——DG-7-2 -DG-7-3 —
2.0 ¢ e =
hessssfassnsnnnnnnn . CECTPTTEE T S
1.8873 i
e

0.5

CNR of TGI at 164.5um

@ |on (oo | & -+ 1
00fF 2 |2 —| [ |8 | S w - |-
1 . iw L 1 % %. QI S.J L ?: 1 g. L L L % L
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Iteration

Figure 10. Evolution of the retrieved CNR with iteration for the SGI and TGI with similar resolutions
in the experiment. The dotted line represents the CNR of 1.8873 for the TGI after 9000 iterations, while
DG-6-3 and DG-2-5 achieve comparable CNR values with only 705 and 813 iterations, respectively.
The required number of iterations is reduced significantly. To provide a clearer representation of the
CNRs for different groups, the data between 1.50 and 2.50 are shown.

4. Conclusions

In this study, we demonstrated the advantages of using sequenced random speckle
patterns with varying speckle sizes in DMD-based CGI. By employing suitable sequenced
speckle patterns, we can achieve higher CNR and resolution while reducing computa-
tional resources compared to traditional random speckle patterns. The simulation results
validated the experimental findings regarding CNR and resolution improvements. The
DMD device proves to be highly effective in projecting sequenced random speckle patterns,
allowing easy control over the speckle size for speckle projection. This feature makes it
well-suited to investigating the influence of sequenced random speckle patterns on GI
quality. Moreover, the sequenced random speckle pattern exhibits potential in imaging
objects with unknown or complex shapes, enabling effective characterization of image
contours. It is important to note, however, that while the sequential speckle method may
not provide a comprehensive solution for achieving high-quality imaging of arbitrary
targets, it demonstrated enhanced robustness across a wide range of cases. Furthermore,
this approach can be easily extended to PGI using a rotating ground glass.

We anticipate that these improvements will prove valuable in practical applications
of both CGI and PG, offering enhanced imaging capabilities and broadening the scope of
potential applications.
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