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ABSTRACT

Real-time computational ghost imaging (CGI) has received significant attention in recent years to overcome the trade-off between long acqui-
sition time and high reconstructed image quality of CGI. Inspired by compound eyes, we propose a parallel computational ghost imaging
with modulation patterns multiplexing and permutation to achieve a faster and high-resolution CGI. With modulation patterns multiplexing
and permutation, several small overlapping fields-of-view can be obtained; meanwhile, the difficulty in alignment of illumination light field
and multiple detectors can be well resolved. The method combining compound eyes with multi-detectors to capture light intensity can resolve
the issue of a gap between detector units in the array detector. Parallel computation facilitates significantly reduced acquisition time, while
maintaining reconstructed quality without compromising the sampling ratio. Experiments indicate that using m x m detectors reduce modu-
lation pattern count, projector storage, and projection time to around 1/m? of typical CGI methods, while increasing image resolution to m?
times. This work greatly promotes the practicability of parallel computational ghost imaging and provides optional solution for real-time
computational ghost imaging.
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Real-time computational ghost imaging is a goal in optical imag-
ing as it is becoming increasingly important in applications such as
industrial measurement.' ® In theory, the reconstructed image com-
posed of N pixels require N illumination light fields.” '’ The number
of illumination light fields grows in proportion to the number of pixels
in the reconstructed image, resulting in a significant consumption of
acquisition time. The long acquisition time is a major hindrance in
real-time CGI.

Numerous studies in algorithm and hardware have been con-
ducted to get around the long measurement time limitation. In terms
of algorithms, CGI works well with compressive sensing (cs),' "
which is based on a mathematical iterative method. A N-pixel image
can be reconstructed using less than N sub-patterns. Deep learning
(DL) approaches'®'” have also been developed to reduce illumination

sub-pattern numbers. The modulation pattern number can be substan-
tially reduced by CS and DL, while the reconstructed time may exceed
the acquisition time at low sampling ratio. In terms of hardware, ultra-
fast spatial light modulators'®'” and parallel acquisition””*" are viable
solutions for real-time imaging. Hahamovich et al.'"” demonstrated
that a revolving structure and switched patterns can reach a modula-
tion rate of 2.4 MHz by rotating the illumination sub-patterns.

Parallel acquisition provides more application scenarios and
degree of freedom for CGI in large field-of-view (FOV) imaging™**’
and shadow-free imaging.”**” Those methods are equivalent to the
simultaneous implementation of multiple CGI processes in spatial
domains. In each optical channel, it abides by the concept of a bucket
detector. However, in parallel computational ghost imaging, the sub-
pattern should be exactly received by each of the detection unit. The
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correspondence between the sub-patterns and the detection unit is dif-
ficult to determine when structured illumination is used. This situation
may result in a seamed reconstructed image.

Inspired by the compound eyes of arthropod animals,”**" we
propose parallel computational ghost imaging with modulation pat-
terns multiplexing and permutation. While array detectors have the
issue of expensive manufacturing and a gap between detector units,
our approach combines compound eyes with multi-detectors to cap-
ture light intensity. To resolve the difficulty in alignment of illumina-
tion sub-patterns and detectors, the approach of modulation patterns
multiplexing and permutation is proposed. With modulation patterns
multiplexing and permutation, several small overlapping FOV images
can be obtained. A high-resolution and seamless image can be
obtained by stitching sub-images from different FOVs. Therefore, a
faster and high-resolution CGI can be achieved. This structure may be
an alternative trade-off between the conventional camera and the sin-
gle pixel camera in future.

CGI acquires image by a series of patterns interacting with the
object. Then the spatial information of the object is encoded into 1D
light intensity measurements. This process is expressed as

Di:ZZIi(xJ’)O(xvy)v 1
x

where (x, y) denotes the Cartesian coordinate, D; is the light intensity
measurements, I;(x, y) is the illumination light field, O(x, y) is the
object, and i is the ith measurement, i = 1,2,3,...,N.

The large number of illumination light fields results in long time
consumption and restricts the applications of CGI. Inspired by com-
pound eyes, a parallel computational ghost imaging strategy is pro-
posed as one possible solution.

The imaging principle of parallel computational ghost imaging is
shown in Fig. 1. The compound eyes can be divided into two types
according to the imaging principle: the apposition compound eyes and
the superposition compound eyes.”” ** The former can be regarded as
a one-to-one relationship, while the latter can be considered as a one-
to-many relationship.”” Our work is inspired by the superposition
compound eye,”” i.e., with limited number of detectors, a much higher
image resolution than the number of detectors can be achieved.
Similar to strepsipteran insects, the field-of-view of each microlens
used in our system is subdivided into and represented by “chunks,”*”
resulting in a sub-image of several thousand pixels.

In order to accomplish parallel computational ghost imaging, the
illumination light field can be partitioned into a grid of m” small

Projector

FIG. 1. Imaging principle of parallel computational ghost imaging.
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adjacent illumination sub-patterns. Since the encoding ability of the
illumination sub-pattern remains intact, the encoding ability of the
illumination light field is also unaffected after division. The parallel
computational ghost imaging does not deviate from the essence of
CGI since the system of multiple bucket detectors integrated with com-
pound eyes has the same application scenarios as the CGI, and each
FOV of compound eyes retains one single bucket detector.

It is easy to implement the illumination light field subdivision
into multiple small adjacent non-overlapping illumination sub-
patterns. As shown in Fig. 2, each sub-pattern interacts with the corre-
sponding sub-region of the object as

D =" E(x,y)0(xy), ®)
x oy

where E(x, y) is the jth sub-pattern in the ith illumination light field,
O is the jth sub-region of the object, and the 1D light intensity mea-
surements D) for each sub-pattern are obtained by multiple detectors.
The area covered by one sub-pattern is the FOV of one detector.

For example, suppose the object is divided into four sub-regions.
I'x, ), I*(x,y), I*(x,y), and I*(x, y) are the four non-overlapping
sub-patterns denoted by different colors in Fig. 2(b). O'(x,y),
0%*(x,y), O°(x,y), and O*(x, y) are the target objects precisely cov-
ered by four sub-patterns, respectively. Theoretically, the FOV of these
sub-images are non-overlapping and aligned with each other perfectly,
as shown in Fig. 2(d). Consequently, a prospective seamless stitched
image can be obtained.

However, in practice, this non-overlapping subdivision of the
illumination pattern is problematic. Non-overlapping between sub-
patterns will result in a difficulty in alignment of illumination sub-
patterns and the detectors. Then the crosstalk will occur in the recon-
structed image. As shown in Fig. 3(a), the FOV of each detector can

(b)

(@

Single pixel detector

FIG. 2. Prospective flawless parallel ghost imaging result with non-overlapping
modulation strategy with simulation. (a) The target object is divided into four areas.
(b) lllumination light field consists of four sub-patterns. (c) The object illuminated by
the light field. Each area is covered by one sub-pattern, and it precisely coincides
with the FOV of one detector. (d) The reconstructed sub-image of each illumination
sub-pattern.
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FIG. 3. Flawed parallel ghost imaging result with non-overlapping modulation strat-
egy in practical experiments: (a) stitched image, (b) partial information loss in red
dashed line, and (c) artifacts of some pixels in yellow dashed line.

hardly detect precisely only one sub-pattern, resulting in obvious seam
and flaw between the sub-images.

One solution to the aforementioned challenge is to achieve global
consistency and correct alignment of the sub-images with overlapped
FOV, which should be realized by overlapping modulation strategy in
CGI systems.

Essentially, CGI recovers the image with light field modulation of
a scene. The FOVs of the sub-images are determined by the sub-
patterns. Therefore, the FOV overlapping of sub-images is realized by
overlapping of illumination sub-patterns. One natural way to realize
illumination sub-pattern overlapping is to change the position of the
detector, as shown in Fig. 4(a). The original area received by the red
detector is denoted by the red dotted line, and the new area received
by the green detector is denoted by the green dotted line. The illumina-
tion sub-pattern that is obtained by changing the position of the detec-
tor is actually a permutation of the illumination sub-patterns. The
illumination sub-pattern received by the above-mentioned detectors is
shown in Figs. 4(b) and 4(c). Compared with the basis illumination
sub-pattern, the permutation illumination sub-pattern is shifted right
by g columns. The shift in sub-pattern can be expressed as

I = cireshife(1', [p. ), 3)

where circshift is the circular shift operation of the row/column
exchanged, I is the permutation illumination sub-pattern, I' is the
Hadamard basis illumination sub-pattern, p (q) is the number shifted

(a) Circshift right g columns
Detectors @

©

Circshift right g columns

FIG. 4. lllustration of the permutation illumination sub-pattern and the sub-images
displacement effect caused by modulation permutation: (a) illumination light field
composed of four Hadamard basis illumination sub-patterns, (b) Hadamard basis
illumination sub-pattern, (c) permutation illumination sub-pattern, (d) displacement
of the reconstructed image, and (e) displacement elimination with pixel permutation.
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up/down (left/right) where positive numbers represent shifted down
(right).

Many different modulations can be used to permutate the pat-
terns, including Hadamard basis modulation and Fourier basis modu-
lation. A simulation with the permutation sub-patterns in Fig. 4(c) was
performed, and the imaging result is depicted in Fig. 4(d). It is evident
that the reconstructed image is shifted leftward by g columns. The
reconstructed image should have the same permutation as the permu-
tation sub-pattern to avoid erroneous displacement, as shown in
Fig. 4(e). The reconstructed image without displacement is called per-
mutated image. Thus, the permutated image can be obtained if the per-
mutation numbers of the sub-pattern is known.

As shown in Fig. 5, the FOV are divided into four parts, and the
overlapped parts of the illumination sub-patterns are multiplexed as
Fig. 5(a), thus overlapping sub-images can be obtained, as is shown in
Fig. 5(b). Due to the permutation in the basis illumination sub-pattern,
the pixel positions of the reconstructed sub-images are displaced. It
can be found from the above-mentioned procedures, that is, multiplex-
ing in illumination sub-pattern is equivalent to the permutation in the
illumination sub-pattern, which is achieved by the change in detector
position.

While adjusting the detector location quantitatively is difficult in
reality, the multiplexing numbers of the column/row of the basis illu-
mination sub-pattern can be predetermined. As a result, the detectors’
location can be identified accordingly.

The imaging principle of parallel computational ghost imaging
with overlapping modulation is shown in Fig. 6. The projector’s illumi-
nation patterns differ from Fig. | in that they are multiplexed rather
than non-overlapping. The multiplexed parts are located in the color
overlay areas. These parts are shared by the surrounding illumination
sub-patterns and the surrounding detectors. The compound eyes are
used for collecting light intensity measurements for multiple detectors.
The lens number of the compound eyes should be the same as the illu-
mination sub-pattern numbers. Without loss of generality, the illumi-
nation light field is subdivided into four sub-patterns, and 16 pixels are
multiplexed among them. The total number of the illumination pat-
terns is 4096.

The reconstructed sub-images with different illumination sub-
patterns are shown in Fig. 7(b). The image reconstruction process can
be expressed as

§ =D}, (4)

(@ (b)

Single pixel detector

FIG. 5. Imaging with FOV overlapping of parallel computational ghost imaging leads
to pixel displacement and flawed stitched image. (a) The illumination light field com-
posed of multi-illumination sub-pattern, that is, multiplexing between each illumina-
tion sub-pattern. (b) The pixel displacement of the sub-images.
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FIG. 6. Imaging principle of parallel computational ghost imaging via multiplexed
modulation. The field-of-view of different detectors are denoted by different colors.

where ! denotes inverse Hadamard transform, IV is the 1D light
intensity measurement for each sub-pattern, and ' is the reconstructed
sub-image of the corresponding sub-pattern. The reconstructed sub-
images exhibit evident black regions because the multiplexed parts
cannot be fully accepted by the detectors. Nevertheless, the light inten-
sity of black regions can be accepted by the surrounding detectors.
Therefore, the black regions have no influence on the stitched image.
In addition to the black areas, the reconstructed sub-images also mani-
fest apparent displacement from the original image. This displacement
can be eliminated by pixel permutations, and the permutated images
are shown in Fig. 7(c). The elimination method with pixel permutation
can be expressed as

T/ = circshift (Si, [m, n]), (5)

where T’ is the permutation image obtained by pixel permutation, m
(n) is the number shifted same as the corresponding sub-pattern.
Finally, the stitched image of 112 x 112 pixel resolution is obtained by
stitching the permutated image together according to the permutation
number of the illumination pattern. Due to multiplexing of some of
the pixels, the stitched resolution is a little bit smaller than 128 x 128
pixel resolution.

Notably, because the permutation amount is predetermined,
stitching the images only requires a simple sum of the pixels in the
multiplexed sections and does not require any complicated methods.
This could be an additional benefit of the proposed parallel ghost
imaging method with modulation multiplexing and permutation.

The feasibility of the proposed method is verified by experiments.
Figure 8 depicts the experimental setup schematic. The system com-
prises of a projector (DLP7000) with a resolution of 1024 x 768 pixels,
nine detectors, a large condense lens, and compound eyes (nine

Original image

Reconstructed image Permutated image Stitched image

FIG. 7. Simulation result: (a) the original image, (b) the reconstructed image of
each illumination sub-pattern, (c) the permutated image of each illumination sub-
pattern, and (d) the stitched image.
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(@) Multiple degit:rs

Compound

Projector eyeS
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Projector

Compound eyes

Multiple detectors

FIG. 8. Experimental setup: (a) transmissive experimental setup and (b) reflective
experimental setup.

lenses). Multiplexed patterns are generated using nine Hadamard basis
sub-patterns with a resolution of 64 x 64 pixels. There are 16 pixels of
column/row multiplexing. The multiplexed pattern is of 160 x 160
pixels, and the total number is 4096.

The projector is programmed to run at 1000 frames per second.
The correlation between the multiplexed patterns and the compound
eyes should be set to guarantee that the multiplexed regions can be
shared with the surrounding detectors.

Both transmissive and reflective configurations are feasible for
multiplexing CGI. The experiment setup of transmissive configura-
tion is shown in Fig. 8(a). We should include the edge of each lens of
the compound eyes in the multiplexed part. After the multiplexed
illumination pattern interacting with the object, modulated light field
is received by compound eyes (8.4 x 8.4cm?). The signals of the
detectors are simultaneously recorded by a DAQ (data acquisition
device).

In the first column of Fig. 9(b), the original photographs are dis-
played. In the second column of Fig. 9(b), the reconstructed sub-
images are of 64 x 64 pixels. The pixel coordinates of the reconstructed
sub-images are changed based on the permutation of the multiplexed
sub-patterns and the basis sub-patterns. The permutated sub-images
are then obtained, as illustrated in the third column of Fig. 9(b). The
permuted sub-images are eventually merged together to produce a
stitched image of 160 x 160 pixels, as illustrated in the fourth column
of Fig. 9(b).

Furthermore, as illustrated in the last column of Fig. 9(b), the
conventional non-overlapping approach introduces considerable
defects between the stitched portions of the sub-images. While the
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Stitched image Stitched image
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ms 4

FIG. 9. Experimental results with reflective and transmissive experimental setup: (a) experimental result of the reflective experimental setup and (b) experimental result of the

transmissive experimental setup.

overlapping approach with pattern multiplexing and permutation is
completely devoid of apparent stitching gaps.

The experiment setup of reflective configuration is shown in
Fig. 8(b). Since the compound eyes and the detectors have to be placed
much farther than the transmission case to avoid the interference of
the illumination patterns, a condense lens is placed between the target
and the compound eyes to restrict the reflected light to be effectively
collected by each of the corresponding detectors while avoiding the
crosstalk of the reflected light from the adjacent microlenses (see Sec. 1
in the supplementary material for a full description). The results are
shown in Fig. 9(a) (see Sec. 2 in the supplementary material for more
experimental results). The second column and the third column in
Fig. 9(a) are reconstructed sub-images and permutated sub-images,
respectively. The stitched image with 160 x 160 pixels is obtained by
stitching the permutated sub-images, as shown in the fourth column
of Fig. 9. The comparison of the stitched image between overlapping
modulation and non-overlapping modulation is shown in the fourth
column and the last column of Fig. 9, respectively.

Stitched image
Permutated sub-image (overlapping modulation)

3—
=i m =

=2

o m——— _—
@ a— _
=
n=s

y=1ll =
s=Il f

FIG. 10. High-resolution (640 x 640 pixels) imaging result.

With the proposed multiplexing strategy, the number of the illu-
mination patterns are significantly decreased, thus the required storage
memory of the projector and the acquisition time are also decreased
(see Sec. 3 in the supplementary material for a full description).

High-resolution image reconstruction studies serve as further
confirmation of the benefit of the suggested parallel CGI. The setup
resembles Fig. 8(b). The size of each sub-pattern is 256 x 256 pixels.
According to Fig. 10, the stitched image resolution can be as high as
640 x 640 pixels.

Notably, traditional CGI uses up to 409 600 modulation patterns.
Due to the projector’s limited on-board memory, a huge number of
patterns are not viable (more than 38 giga bytes). However, parallel
CGI takes only 6 giga bytes (65536 modulation patterns).
Furthermore, the projection and acquisition times are excessive. CGI
takes about 409.6's to rebuild one image at 1000 frames per second,
but 65.5 s using the suggested method.

In conclusion, this research developed a parallel computational
ghost imaging approach featuring modulation pattern multiplexing
and permutation to improve imaging speed and resolution. The
method of modulation patterns multiplexing and permutation corrects
the alignment of illumination pattern and multiple detectors. The issue
of a gap between detector units can be resolved by multiple detectors
combining with compound eyes. The simultaneous acquisition of
small overlapping FOVs allows for fast imaging speed without com-
promising reconstructed quality or sampling ratio. Experiments dem-
onstrated that paralle]l computational ghost imaging strategy can
produce seamless images of higher resolution than each sub-image by
stitching nine reconstructed sub-images from different FOVs. This
work provides an enormous enlightening for real-time ghost imaging,
wide field-of-view imaging, and other applications.

See the supplementary material for details of the illustration of
the storage consumed in projector and the time consumption, the
experiment result with different objects, and the reasons for requiring
a condense lens in the reflective configuration.
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