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To understand, study, and optimize optical imaging systems from the information-theoretic viewpoint has been an
important research subfield. However, the "direct point-to-point" image information acquisition mode of traditional
optical imaging is lacking in "Coding-decoding" operation on the image information, and limits the development of
further imaging capabilities. On the other hand, ghost imaging (GI) systems, combined with modern light-field
modulation and digital photoelectric detection technologies, behave more in line with the modulation—demodulation
information transmission mode compared to traditional optical imaging. This puts forward imperative demands and
challenges for understanding and optimizing ghost imaging systems from the viewpoint of information theory, as
well as bringing more development opportunities for the research field of information optical imaging. Here, several

specific Gl systems and studies with various extended imaging capabilities will be briefly reviewed.

ghost imaging information theory information optical imaging

1. Mapping Higher-Dimensional Light-Field Information into
Lower-Dimensional Domain

Gl can modulate the object's image information with controllable light fields and map it into lower detectable
dimensions through encoding, thus making it possible to realize direct imaging in the high-dimensional light-field
domain and enable further-developed imaging capabilities. Typical examples include the Gl LIiDAR and the GI

camera.

The principle of GI LiDAR is shown in Figure 1. It was first made public in 2011 X2 and demonstrated to perform
three-dimensional (3-D) imaging of natural scenes Bl. GI LIDAR uses light fields with designed spatiotemporal
fluctuations, which are generated by modulating a pulse laser with a diffuser to illuminate the object, then acquires
the return signal with a bucket detector and retrieves the 3-D spatial-depth image information by the second-order

correlation between illuminated light fields and return signals as

(Ali(ta) ALi(ry)) o< T(ry, d(ta)), &

where ty is the relative time delay of the detection signal. During the detection process, the encoding is performed

via the designed light fields to transform the 3-D information into a time-serial signal which is recorded by the
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bucket detector. Compared with traditional LIDAR systems which only perform encoding on the time-frequency
dimension, Gl LIDAR essentially extends the encoding domain to higher dimensions including both spatial and
temporal domains. Hence, different from traditional LIDAR, which can only measure the distance and velocity, Gl
LIDAR can simultaneously perform the imaging of scenes of different distances as well as obtain their depth and

velocity information 1, which belong to higher dimensions.
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Figure 1. Schematic diagram of the Gl LIDAR system. It uses light fields with designed spatiotemporal fluctuations,
which are generated by modulating a pulse laser with a diffuser to illuminate the object, then acquires the return
signal with a bucket detector, and retrieves the 3-D spatial-depth image information by the second-order correlation

between illuminated light fields and the return signal.

For GI LiDAR with incoherent bucket detection, the phase information (which may include the vibration information)
of the target is lost when recording. On the contrary, in those Gl variants in microwave bands (e.g., the correlated
imaging), the micro-vibration information of the target can be obtained when performing imaging. This is mainly
owing to the utilization of the coherent detection method for signal recording since it is the first-order field
correlation that is involved there BB, Recently, with the development of coherent optical communication & and
fiber optical time-frequency transmission &, coherent detection methods for optical-waveband signals have been
largely developed. Thus, they have also been introduced into Gl LIDAR at optical wavebands, leading to coherent

detection GI LIDAR RAL1I2] \which has the ability to acquire the information in a higher dimension (e.g., the micro-
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Doppler vibration information) and enable a stronger anti-interference capability. In this scheme, a long-pulse laser
is modulated in the spatial-temporal/spatial-frequency domains to illuminate the object, and the return signal is
detected via a typical coherent detection approach. Then, by combining the second-order correlation with time-
frequency analysis techniques, 3-D spatial-depth image information as well as the spatial distribution information of

velocity and vibration of the target can be retrieved together.

Different from Gl LIiDAR with active illumination, the Gl camera 12l is a passive (using natural lights only) Gl
scheme inspired by near-field diffraction speckle phenomena 141131 proposed via utilizing the ergodicity of thermal
light fields to extract image information from the second-order correlation in the spatial domain rather than the
original temporal domain. The principle of a representative Gl spectral camera is shown in Figure 2. The object
illuminated by natural lights is firstly imaged by a front imaging module, then diffracted by a spatial random phase
modulator (SRPM), and finally recorded by a detector as a pattern of intensity distribution I; (r;). By the spatial—
dimensional second-order correlation between this intensity distribution and the pre-measured impulse response
I, (ri;r,k) corresponding to a monochromatic point source 8(r,k) where k=1/A, the object’s spatial-spectral information

T(r,k) can be achieved, namely [13]

AG® (r,k) = (AL(re) AL(rgr, k:))rt x T(r, k) * g(2)(r, k) (2)

where g@(r,k) is the normalized second-order correlation function that characterizes the resolving ability of high-
dimensional light-field information. In addition, the GI camera that enables to realize higher-dimensional spectral-

polarization imaging is also demonstrated (28],
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Figure 2. Schematic diagram of the Gl spectral camera system 23] The object illuminated by natural lights is firstly
imaged by a front imaging module, then diffracted by a spatial random phase modulator (SRPM), and finally
recorded by a detector as a pattern of intensity distribution I; (r;). By the spatial-dimensional second-order
correlation between this intensity distribution and the pre-measured impulse response I, (rt;r,k) corresponding to a

monochromatic point source &(r,k) where k=1/A, the object's spatial-spectral information can be achieved.

Unlike the typical traditional camera that only maps the object's 2-D spatial information into the detection plane by
a "direct point-to-point" mode, in the Gl camera, the desired information in the high-dimensional light-field domain
is encoded with randomly distributed speckle patterns and mapped into the 2-D detection plane. Hence, the Gl
camera is able to transmit high-dimensional image information with less degeneracy, namely, it can much more
efficiently make use of the imaging channel capacity compared to the traditional camera. For example, besides
spectral imaging, the spectral-polarization Gl camera has also been demonstrated 28] Further, to improve the
efficiency, the Gl camera with the super-Rayleigh modulator has been proposed by designing the distribution of
those encoded speckle patterns (L7 which exhibits a better anti-noise imaging performance compared to the

vanilla one. Additionally, the issue of extending the super-Rayleigh modulator to a broad spectral band for
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hyperspectral Gl camera has been considered, and some progress has been made by combining with dispersion

control techniques 18!,

2. Resolution Analysis in the High-Dimensional Light-Field
Domain

For the GI system, since it enables to map information of higher-dimensional light-field domains into lower
dimensions and to achieve imaging of the high-dimensional image information via the second-order correlation, the
description of its resolution should be reconsidered from a different perspective. Intuitively, it is the resolution in the
high-dimensional light field domain rather than the 2-D spatial domain that would be limited by the optical diffraction
effect. In this case, some analyses on the resolution of Gl from the viewpoint of information theory have been
conducted. For example, taking the Gl camera as the research object, Tong et al. 1229 proposed a criterion to
measure its discernibility on high-dimensional light-field image information by combining with the compressed
sensing (CS) theory [2122] Specifically, the relationship between the normalized second-order correlation in the
high-dimensional light-field domain g (It—1l) (t denotes a high-dimensional coordinate that could contain spatial,
spectral and polarization dimensions) and the mutual coherence p of system's transmission matrix is first

constructed as

' 3)

p =max |g® (|7 — 7))
i#]

and the condition for resolving sparse point-like targets is given as the minimal distance of two points that

establishes

1

A1 — T S
9(m T]|)<2K—1

(4)

by combining with the exact recovery condition [28], where K is the sparsity level of those point-like targets. Through
this description, it can be roughly seen that multiple dimensions of light fields do interact with each other when
considering the resolving ability. Since the resolution is fundamentally limited by the system’s transmission function
which transfers the high-dimensional image information, it is possible to greatly increase the spatial resolving ability
beyond the Rayleigh criterion by utilizing discrepancies of the imaging object in other dimensions 29, Similar to the
typical deconvolution operation 2425 for traditional imaging that exploits the prior information of the system’s
transmission function, it is possible to achieve spatial super-resolution imaging in Gl. By performing regularized
preconditioning operations (2812711281 o hoth the detection signal as well as the transmission matrix and solving the

preconditioned problem via optimization algorithms, it is experimentally demonstrated that a high-quality imaging
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result with resolution beyond the diffraction limit can be obtained, and further theoretical analysis from the

perspective of Fourier frequency domain also verifies its capability 221,

3. Optimizing the Encoding Mode to Reduce Unnecessary
Sampling Redundancy

The issue of unnecessary sampling redundancy of the traditional imaging mode is hard to address due to its “direct
point-to-point” imaging architecture. In the Gl system, however, since the encoding mode can be varied more
flexibly during the practical imaging process, unnecessary redundancy in the detection signal can be largely
reduced by designing light fields based on the information theory. From the theoretical perspective, several studies
in this direction have been performed. In 2013, Li et al. BY firstly tried to theoretically analyze the mutual
information between the detection signal and the imaging object given the determined light fields in GI, and on this
basis gave the optimal parameter of Bernoulli light fields that maximizes the mutual information to perform the
optimization. However, this research was restricted to designing light fields subject to some specific distributions.
Besides ideas inspired by Shannon information theory, by combining the CS theory, a light field optimization
scheme via minimizing the mutual coherence between the sampling matrix (consisting of light field patterns) and
the orthogonal sparsity basis was proposed B2l according to the incoherent sampling principle 2. The effect of this
scheme on improving the imaging quality was also demonstrated by practical experiments Bl To further
incorporate image statistics into the optimization, an optimization framework combined with dictionary learning 3
(34 was proposed 32, In this framework, an over-complete sparsity basis that describes the statistics of imaging
objects was given via dictionary learning, and light fields were optimized by similarly solving a mutual coherence
minimization problem through a concise method. A closed-form solution of the optimal light fields was theoretically
derived and experimentally applied to further enhance the imaging quality. Briefly speaking, these studies have
shown that optimizing light fields with the help of information theory can essentially increase image information
transmission efficiency. In addition, some heuristic encoding mode optimization studies have been proposed, which
adaptively adjust the encoding mode according to precedent-acquired information [B8IB7I38I39 5 reduce the

redundancy contained in subsequent samplings.

On the other hand, the information content that the Gl system can transmit is a more fundamental problem that
could inspire encoding optimization. As aforementioned, the mutual information between the detection signal and
the imaging object given a determined type of light fields has been analyzed B% and applied to light-field
optimization. Besides the mutual information, Fisher information 49 has also been used to analyze the information
that detection signals contain about the imaging object in the Gl system 11, |n this study, it was shown that signals
with larger fluctuations contain more information, which is consistent with several existing studies [£21431144145] anq

provides a potential idea for the encoding mode optimization.

Generally, by utilizing fundamental information-theoretic studies, it is possible to provide a solid foundation for
those research topics of the Gl system such as encoding light fields optimization, resolution analysis, and
performance investigation. Hence, there would be significant demands on this research direction considering that

existing studies on the information content analysis of the Gl system are still rather limited.
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| 4. Task-Oriented Gl System Design

In many practical scenarios, a high-quality image is not necessarily required; instead, it is sufficient to only have the
information related to specific tasks 481471 |ntuitively, this can be realized by designing the imaging system with the
help of information theory. Traditional imaging systems, however, usually need to first perform high-quality imaging
and then perform a specific analysis based on a sensing—storing—computing—integrated equipment due to their
fixed image information transmission mode. Since the Gl system can perform more flexible encoding than
traditional imaging systems, it is rather suitable for such a task-oriented kind of application scenario so that the
desired information can be acquired and retrieved without the need for performing high-quality imaging. Currently,
several task-oriented Gl studies have been performed, mainly realized by designing the encoding light-field
patterns according to the desired task information and assisting with data-processing methods. They can be
classified into several categories, including non-imaging object detection 8!, non-imaging object classification 42
B9 non-imaging object edge detection 152l and object tracking B3] as well as progressive imaging B4, In brief,
these studies largely utilize the flexibility of the information mapping mode of Gl systems. However, they are mostly
come up with from a heuristic perspective rather than a more theoretically solid one. Thus, for further task-oriented
studies, Gl systems may be combined with the task-specific information measure 48 to develop a more complete
information—theoretic framework for designing systems to perform a specific task. Task-oriented Gl systems should
significantly reduce the excessive demand of the transmission and storage of redundant information, thereby
saving much of the energy consumption of devices and leading to a more “green” task information acquisition

mode for many application scenarios, such as automatic driving and the industrial internet of things.

| 5. X-ray Diffraction Gl

Different from Gl LIiDAR and the camera that performs imaging in the spatial domain, the diffraction GI (2258
(shown as Figure 3), by designing the CTF, instead extracts image information of Fourier diffraction spectra via the

second-order correlation

AG® (re, 1) = (ALi(re) AL (r:)) T e, 5)

thus enabling to analyze a non-crystalline object with an incoherent thermal source in principle. Hence, it has the
potential to address the imperative demand of CDI on a high—bright coherent radiation source at the waveband of
X-rays and Fermions. The first X-ray diffraction Gl experiment was realized in 2016 7. Since the X-ray diffraction
Gl can acquire the Fourier spectra information at the Fresnel region rather than the distant Fraunhofer region with

a thermal X-ray source, it provides the potential to realize miniaturized thermal X-ray microscopic equipment.
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Figure 3. Schematic diagram of the diffraction GI. In the reference path, the distance from the source to the
detector array is z. In the object path, the light passes through the imaging object which is z1 away from the source
and then propagates z2 to be recorded by a point-like detector located at rt (the point-like detection is represented
by a painted grid here that denotes only the intensity of one grid is recorded). The Fourier-transform diffraction

spectral of the sample can be obtained via the second-order correlation when z=z1+z2.

From the perspective of information theory, the diffraction Gl essentially performs encoding on information in the
Fourier domain, and this can be understood more clearly when performing analysis on the angular spectra 8. |t
can be found that more flexible encoding can be performed on the reference path B8 without increasing the
radiation dose incident on the sample according to information theory, compared to the fixed-architecture traditional
CDI scheme. For example, a non-local encoding method (adding masks at the reference path) for the X-ray
diffraction GI scheme was experimentally demonstrated 22, which can significantly enhance the imaging quality
without increasing the radiation dose on the sample. To achieve a high-quality decoding, a deep-learning-based Y-
net has been proposed 8% whose structure is inspired by the form of Equations. Additionally, the imaging
performance analysis and system optimization of the diffraction Gl system have been performed with information—

theoretic studies L2411,
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