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Abstract: Noise term in the reconstruction matrix in ghost imaging is a major cause of
blurring imaging results. To remedy this problem, we propose a new ghost imaging method
based on the binomial theorem to reduce the level of noise. In our method, images with low-
level noise can be generated by constructing a binomial formula using high-order imaging
results that are acquired by reintroducing the reconstruction result back into the imaging
formula repeatedly. Experimental and simulation results demonstrate that our method is
effective in improving imaging quality and the anti-interference performance and reducing
computing time, making it useful for practical applications.

Index Terms: Imaging processing, coherence imaging, photon statistics, quantum optics.

1. Introduction
Ghost imaging (GI), which is different from traditional imaging technology, uses the second-order
or high-order correlation function of the light field to realize the separation of the detection and
imaging, so as to achieve nonlocal imaging [1]–[14]. Therefore, it is very useful for imaging in noisy
or harsh environments. GI was originally implemented using entangled photon pairs with quantum
illumination, and it can also be completely explained as a classical phenomenon [1], [2], [12]–[14].
Subsequently, pseudo-thermal light, thermal light, and other light sources have also been proven
to be effective [5], [7], [12]–[18], thereby reducing the light source requirement and facilitating
practical application of the technique; even microwaves and X-rays have been proven to be feasible
by experiments [19], [20]. In addition, studies have demonstrated that imaging through a variety
of optical media is also possible [21]–[23]. Subsequently, various practical applications have also
been further studied [22], [24]–[26]. However, traditional GI technology has poor imaging quality
and requires a large number of measurements, which greatly limits its application.
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Fig. 1. Schematic of the BGI system. Z1 is the distance of the object path and Z2 is the distance of the
reference path; f is the focal length of the lens and L1 is the transmission aperture of the lens.

Therefore, numerous improved reconstruction algorithms have been proposed to address the
problem of traditional GI [27]–[41]. Differential ghost imaging (DGI) and normalized ghost imaging
(NGI) are proposed by modifying the imaging formula to improve the quality of imaging and reduce
the effects of noise on the imaging process [28], [31]. Compressive-sensing ghost imaging (CSGI)
can greatly enhance visibility under a small number of measurements far below the Nyquist limit,
but the complexity of CSGI will lead to a longer computing time and consume considerable memory
resources [27], [30]. Iterative denoising of ghost imaging (IDGI) and iterative ghost imaging (IGI)
combine the iterative process to give an accurate estimate of the actual noise affecting image
quality. Better imaging results can be achieved by adjusting some parameters, and these can be
obtained by conducting experiments [32], [33]. According to matrix analysis, pseudo-inverse ghost
imaging (PGI) and scalar-matrix-structured ghost imaging (SMGI) have been proposed, and the
new matrix can be applied to improve imaging quality significantly [34], [35], [37], [38]. However,
PGI has a relatively poor robust performance, and SMGI takes more time.

In this paper, we propose a novel method based on the binomial theorem, referred to as “binomial-
theorem ghost imaging” (BGI), based on GI and “binomial-theorem differential ghost imaging”
(BDGI) based on DGI to eliminate noise in the imaging process. Unlike previous algorithms based
on matrices such as CSGI, PGI, and SMGI, these methods construct all observation points as
a matrix and directly modify or solve this characteristic matrix. We extract the information from
the matrix by repeating the reconstruction process to reduce imaging noise. Through analysis of
the matrix in the reconstruction process, a high-order noise term with lower noise values can be
obtained by returning the imaging results back to the equation. The level of the noise can be
reduced by using the binomial theorem. Experiments show that both DGI and GI can be effectively
denoised by our method, and it achieves satisfactory imaging results with a small amount of time
and low memory consumption. Our algorithm eliminates the construction of immense matrices, so
the demand for hardware resources is also low.

2. Experimental Setup and Imaging Principle
A schematic of the experimental setup is shown in Fig. 1. The system can be divided into an optical
part and a processing part. The pseudo-thermal light source creates a constantly changing speckle
field, which is produced by passing a laser beam (with a wavelength of 650 nm) through a slowly
rotating ground glass, and the light is then divided by a 50:50 beam splitter into two paths: the
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object path, containing information of the object, and the reference path, carrying information of
the original beam. The object path is modulated by the object with a transmission coefficient T(x,
y) and then measured by a bucket detector without spatial resolution (or a charge-coupled device
(CCD) summing the intensity of all pixel points), and the nth measurement is recorded as B n . The
reference beam, after propagating the same distance in free space, is directly collected by a CCD
with spatial resolution and the nth measurement is recorded as I n (x, y). In conventional GI, the
object’s image TGI(x, y) can be reconstructed by computing the second-order correlation function
between B n and I n (x, y):

TG I (x, y) = 1
N

N∑

n=1

(B n − 〈B 〉) (
I n (x, y) − 〈

I N (x, y)
〉)

(1)

where 〈B 〉 = 1
N

∑N
n=1 B n and 〈I N (x, y)〉 = 1

N

∑N
n=1 I n (x, y) represent the ensemble averages of B n

and I n (x, y), respectively.
As can be seen, Eq. (1) is the summation of multiple measurements. Consequently, by construct-

ing the observation matrix, the algebraic formula can be transformed into matrix form. Provided
that the object and each measurement of reference beam data are p × q pixels, then after N
measurements we can construct an N × K (K = p × q) observation matrix Φ given by [34]

Φ =

⎡

⎢⎢⎢⎢⎢⎣

I 1(1, 1) I 1(1, 2) I 1(1, 3) · · · I 1(1, q) I 1(2, 1) I 1(2, 2) · · · I 1(p , q)

I 2(1, 1) I 2(1, 2) I 2(1, 3) · · · · · · I 2(p , q)

...
. . .

...

I N (1, 1) I N (1, 2) I N (1, 3) · · · · · · I N (p , q)

⎤

⎥⎥⎥⎥⎥⎦
(2)

Then, the imaging formula can be written as

TG I (x, y) = 1
N

(Φ − I 〈Φ〉)T (B − I 〈B 〉)

= 1
N

(Φ − I 〈Φ〉)T (Φ − I 〈Φ〉) T

= 1
N

ΨT ΨT (3)

where 〈Φ〉 = [〈I N (1, 1)〉 〈I N (1, 2)〉 . . . 〈I N (p , q)〉] represents a 1 × K row vector, which indicates the
average intensity distribution of the reference beam, and I = [ 1 1 . . . 1]T denotes an N × 1 column
vector whose elements are all 1. Similarly, B = [B 1 B 2 . . . B N ]T denotes an N × 1 column vector
that represents the information of the object path. Finally, T = [T (1, 1) T (1, 2) . . . T (p , q)]T is a K ×
1 column vector representing the object’s transmission coefficient T(x, y).

Likewise, DGI can be expressed in the form of a matrix as follows [35], [39]:

TD G I (x, y) = 1
N

(Φ − I 〈Φ〉)T
(

B − 〈B 〉
〈R〉R

)

= 1
N

(Φ − I 〈Φ〉)T (Φ − I 〈Φ〉)�T

= 1
N

ΨT Ψ�T (4)

where R = [R 1 R 2 . . . R N ]T is an N × 1 column vector, with R n representing the total intensity of the
reference beam in the nth measurement, 〈R〉 = 1

N

∑N
n=1 R n is similar to 〈B〉, and �T denotes the

differential components of the transmission coefficient.
For GI technology, there are two sources of noise in reconstructed images: noise introduced in

the data processing and noise existing in the actual measurement of the object arm and reference
arm. By improving the imaging algorithm, the first kind of noise can be suppressed. However,
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Fig. 2. Comparison of different order terms for the original noise term: (a) n, (b) n2, and (c) n3. x is the
row index of the matrices and y is the column index of the matrices; the speckle patterns are 128 × 128
pixels and the number of measurements, N, is 3000.

having noise in the practical measurement is inevitable. The data obtained in the experiment can
be regarded as the sum of ideal data and noise. A good imaging algorithm should minimize the
influence of noise in the optical path.

First, assuming that there is no noise in the experimental environment, we only discuss the
noise introduced in the reconstruction process. Obviously, A = 1

N ΨT Ψ = s + n, representing the
covariance matrix, in Eqs. (3) and (4) directly influences the quality of the imaging. We de-
note s = diag(A ) = diag[D (I N (1, 1)), D (I N (1, 2)), · · · , D (I N (p , q))] as the diagonal of A, representing
the beneficial part in A, where D (I N (x, y)) = 1

N

∑N
n=1 (I n (x, y) − 〈I N (x, y)〉)2 represents the variance

of I n (x, y). Then n = A – diag(A) is the noise term and is given by

n =

⎡

⎢⎢⎢⎢⎢⎣

0 Cov(I N (1, 1), I N (1, 2)) · · · Cov(I N (1, 1), I N (p , q))

Cov(I N (1, 2), I N (1, 1))
. . .

...
... Cov(I N (p , q − 1), I N (p , q))

Cov(I N (p , q), I N (1, 1)) · · · Cov(I N (p , q), I N (p , q − 1)) 0

⎤

⎥⎥⎥⎥⎥⎦

(5)

where Cov(I N (x1, y1), I N (x2, y2)) = 1
N

∑N
n=1 (I n (x1, y1) − 〈I N (x1, y1)〉)(I n (x2, y2) − 〈I N (x2, y2)〉) is the

covariance of I n (x1, y1) and I n (x2, y2).
Because all points obey the same distribution, with the increase of the number of measurements,

the elements in s tend to be consistent with the statistical law, that is, the D (I N (x, y)), and then
approach the unit matrix E after normalization. Therefore, this is only a small part of the noise in the
reconstruction process, and the main source of noise comes from the noise term n. The elements
in n show the statistical correlation of any two points in speckles, and these noises accumulate
large errors in matrix multiplication. Therefore, reducing the level of the noise term is a valid method
to improve imaging quality.

The noise term matrices of the first to third orders are shown in Figs. 2(a)–2(c) and the noise
level, which is the average of the noise term matrices, is shown in Fig. 3. The noise term n and
its high-order terms are all normalized by the maximum value of matrix A. As shown in Fig. 2,
the distribution of noise terms has no typical noise characteristics. Because the speckle field has
speckle size, adjacent pixels are correlated and there is a peak with a certain width near the
diagonal. Because the normalized noise is less than 1, the noise values decrease with the increase
of order. As shown in Figs. 2 and 3, with the increase of the noise term order, the noise level
decreases exponentially and the fluctuation of the noise item also accordingly decreases. The
noise gradually becomes similar to a Gaussian distribution that fluctuates in a small range and its
average is very small. Hence, it is possible to improve the quality of imaging by reducing the noise
level through high-order terms of n in theory.

To achieve this, we propose a new method based on the binomial theorem. First, we reintroduce
the original reconstruction results back into Eq. (1) several times to acquire high-order terms of n
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Fig. 3. The noise level nm for different orders m. The speckle patterns are 128 × 128 pixels and the
number of measurements, N, is 3000.

with lower noise, as shown in Figs. 2 and 3:

B (m)
n =

∑

x,y

T (m−1)
G I (x, y)I n (x, y)

T (m)
G I (x, y) = 1

N

N∑

n=1

(
B (m)

n − 〈B 〉(m)
) (

I n (x, y) − 〈
I N (x, y)

〉)
(6)

where T (m)
GI (x, y) is the imaging results in the mth correlation calculation and B (m)

n and 〈B〉 (m) represent

B n and 〈B〉 in the mth calculation. Especially, T (0)
GI (x, y) denotes the object’s original transmission

coefficient T(x, y) and T (1)
GI (x, y) denotes the object’s original GI result TGI(x, y).

Here, assume that matrix s is a unit matrix. From Eq. (3), the matrix form of Eq. (6) can be written
as follows:

T (1)
G I = 1

N ΨT ΨT = (s + n)T ≈ (E + n) T

T (2)
G I = 1

N ΨT ΨT (1)
G I = (s + n)2 T ≈ (E + n)2T = (

E + 2n + n2) T

...

T (m)
G I = 1

N ΨT ΨT (m−1)
G I = (s + n)m T ≈ (E + n)m T =

m∑

r=0

C r
m n r T (7)

where T (m)
G I = [T (m)

GI (1, 1) T (m)
GI (1, 2) . . . T (m)

GI (p , q)]T is a column vector about T (m)
GI (x, y). Based on the

binomial theorem, we can construct a series of equations with Eqs. (3) and (7) to replace n with nm in
the reconstruction formula. Because the higher order noise term has lower noise, the reconstruction
results with higher order terms will theoretically yield better imaging results.

High-order terms nm can be written as

nm = [(E + n) − E ]m

=
m∑

r=0

C r
m (−1)m−r (E + n)r (8)
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and, based on Eq. (8), the higher order term nm multiplied by the transmission coefficient T can
make an approximation to take advantage of the previous results from Eq. (7):

nm T = [(E + n) − E ]m T

=
m∑

r=0

C r
m (−1)m−r (E + n)r T

= (−1)m T +
m∑

r=1

C r
m (−1)m−r (E + n)r T

≈ (−1)m T +
m∑

r=1

C r
m (−1)m−r T (r )

G I (9)

Therefore, when m is an odd number, then

T (m)
B G I = T + nm T

=
m∑

r=1

C r
m (−1)m−r (E + n)r

≈
m∑

r=1

C r
m (−1)m−r T (r )

G I

=
m∑

r=1

λr T
(r )
G I (10)

and, when m is an even number, then

T (m)
B G I = T − nm T

=
m∑

r=1

C r
m (−1)m−r+1(E + n)r

≈
m∑

r=1

C r
m (−1)m−r+1T (r )

G I

=
m∑

r=1

λr T
(r )
G I (11)

In our method, the imaging process can be denoted as the weighted sum of T (r)
GI with Eqs. (10)

and (11), where λr is the weighting factor and T (m)
BGI, referred to as the mth-order BGI, is the result

when the order of the noise term is m. Because there is no matrix multiplication and construction
in the calculation, our method can be written as an algebraic formula to reduce memory resource
consumption without constructing the immense observation matrix Φ. In addition, the principles of
GI and DGI are similar, as seen in Eqs. (3) and (4), so our method is also effective for DGI. Then
our methods can be denoted as

T (m)
B G I =

m∑

r=1

λr T
(r )
G I (12)

T (m)
B D G I =

m∑

r=1

λr T
(r )
D G I (13)
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Fig. 4. Comparison of the intermediate process and the final results obtained by using a third-order
BDGI for grayscale images “Lena” and binary images “Slits”; the images are both 128 × 128 pixels and
the number of measurements, N, is 3000.

Our method can be written in the unified form of weighted sums, as shown in Eqs. (12) and (13),
where the weighting factor is expressed by λr . λr is the product of positive and negative coefficients
and binomial coefficients as shown in Eqs. (10) and (11). For BGI and BDGI with the same order m,
the λr factor is the same. For different orders m, the λr factor are different, where λr = C r

m (−1)m−r

when m is an odd number and λr = C r
m (−1)m−r+1when m is an even number.

In addition, for the noise introduced in the measurement, because the method is linear, it will not
interfere with the effective signal. The reconstructed result can be considered as the sum of two
parts, the effective signal passing through the system and the external noise passing through the
system, so the noise existing in the actual measurement may not greatly amplify the effect of this
noise on the reconstructed system. We will prove this later in a numerical experiment.

3. Experimental and Simulation Results
To verify the performance of our method, numerous numerical experiments were performed. To
evaluate the imaging quality of the reconstruction results, the peak signal-to-noise ratio (PSNR) is
introduced as a quantitative measure of the degree of similarity between the imaging result and the
original image. It is defined as

PSNR = 10 × log10

[
(2p − 1)

MSE

]
(14)

where p = 8 for a 0–255 grayscale image and MSE represents the mean square error between
the original image and the imaging result. The higher the PSNR value is, the smaller the error is
between the obtained image and the original image.

To evaluate the performance of the method, we first conducted numerical experimental demon-
strations of our method and several common methods to eliminate the effect of inaccuracy and
noise in the experiment on performance evaluation. The data of the object path, B n , are obtained
directly by summing all pixels of the speckle pattern I n (x, y) multiplied by the object’s transmission
coefficient T(x, y).

As shown in Fig. 4, we take a third-order BDGI as an example to present the performance of our
method intuitively. In the intermediate process, we can see that the images become increasingly
blurred with the increasing number of correlation calculations, and the results by our method
become clearer. The background noise of “Slits” is significantly reduced and the contour details of
“Lena” become clearer. For “Slits,” the DGI result has a fuzzy edge and a low-contrast background.
However, the BDGI result is of much higher fidelity. The increased values of PSNR are 2.217 and
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Fig. 5. Relationships between PSNR and the order of (a) BGI and (b) BDGI. The binary images
used (“Slits”) and the grayscale images used (“Lena”) are all 128 × 128 pixels and the numbers of
measurements, N, are 1000, 2000, and 3000.

2.6679 dB for the grayscale images “Lena” and the binary images “Slits,” respectively. Although the
images with multiple correlation calculations become more and more blurred, more information in
the reconstruction process is used by reconstructing T (2)

DGI and T (3)
DGI.

According to our principle analysis, as the order increases, the noise level should be reduced to
the corresponding order. However, in fact, because of the approximation, it is considered that the
effective term s is approximately the unit array, where there is a certain amount of error with the strict
equality in Eq. (7). In addition, as the number of correlation calculations increases, the more binomial
orders are used, and the more error (noise) will be accumulated, which will deteriorate imaging
quality. Therefore, we first analyzed the effect of order m with different numbers of measurements,
N, in Eqs. (12) and (13) on imaging results. The relationship between PSNR and the order of BGI
and BDGI with different numbers of measurements is shown in Figs. 5(a) and 5(b), respectively. For
each method, experiments for grayscale images “Lena” and binary images “Slits” were conducted.
For different orders, the increasing value of PSNR is the same generally with the same change in
number of measurements, especially for grayscale images, where the curves are almost parallel. As
the number of measurements increases, although the imaging quality of the intermediate process
improves, there is little improvement in PSNR. In addition, for the same number of measurements,
the PSNRs are not always increasing as the order of the reconstruction formula rises. For BGI,
the results are not particularly significant, where the increasing trend is gradually slowing down
or decreasing. However, as shown in Fig. 5(b), we can consider that the third-order BDGI offers
better PSNR. In addition, owing to the superiority of DGI over GI, the performance of BDGI exceeds
that of BGI evidently, especially for grayscale images. Overall, we deem the third-order BDGI to be
relatively optimal and thus used this method in the numerical experiments below.

The performance contrast of several methods for binary and grayscale images is demonstrated
in Figs. 6(a) and 6(b), and the results when N is 2000 are shown in Fig. 6(c). In CSGI, the discrete
cosine transform (DCT) sparse basis is used to sparse the original signal, and then the orthogonal
matching pursuit (OMP) algorithm is used to restore the signal. Finally, the final reconstruction
result is obtained by using an inverse DCT transform. For binary images, because of the sparsity
of the image, the CSGI results have a great advantage over other methods, as shown in Fig. 6(a)
[27], [30], [34]. Therefore, some data points in Fig. 6(a) are omitted, because of its great superiority
to other methods. As shown in Fig. 6(c), the CSGI result of “Slits” is very close to the original
image, and the PSNR has reached 25.6 dB. Moreover, compared to GI and DGI, the PSNRs of BGI
and BDGI are still significantly improved, being 1.93 and 3.05 dB better for 2000 measurements,
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Fig. 6. Relationship between PSNR and the number of measurements, N, with different reconstruction
methods for (a) the binary image “Slits” and (b) the grayscale image “Lena.” (c) Comparison of results
from different methods with 2000 measurements; the images are 128 × 128 pixels.

respectively. However, for the grayscale image, CSGI offers no superiority and is even worse than
BDGI when the number of measurements is small. The PSNR values of BDGI and CSGI are 1.7 dB
higher than that of BGI for 2000 measurements. In Fig. 6(c), both BDGI and CSGI achieve generally
satisfactory reconstruction performance, although the visual effects of CSGI are better than those
of BDGI. Therefore, BDGI can enhance imaging quality to a generally satisfactory level on the basis
of DGI.

Robustness is an important indicator for imaging systems. Anti-interference performance is a
major factor in evaluating whether a system can be applied in practice, because noise in the
optical path is inevitable. To verify anti-interference performance, MATLAB numerical experiments
were conducted. The experimental results of “Slits” and “Lena” against noise, shown in Figs. 7(a)
and 7(b), show the properties of binary images and grayscale images, respectively. Additive white
Gaussian noise (AWGN) was added to the object path, that is, the vector B. As the curves indicate
in both Figs. 7(a) and 7(b), BDGI exhibits better performance against AWGN than does CSGI. High
SNR of B is needed for CSGI as shown in Fig. 7(a), where the curve drops steeply from 70 dB,
whereas the value for BDGI is 30 dB. Similarly, the values where the curves begin to drop are 50 and
60 dB for BDGI and CSGI, respectively, in Fig. 7(b). Above, BDGI has a better tolerance for noise
than CSGI. Furthermore, the PSNRs for CSGI and BDGI are similar (∼19.5 dB) for “Lena” with
high SNR. By using a compressed sensing algorithm, CSGI only has advantages for binary images
that have high sparsity. Therefore, BDGI has better robustness to AWGN than CSGI, being closer
to DGI, and BDGI can obtain high imaging quality similar to that of CSGI for grayscale images.

Another reason limiting practical application of the GI technique is its long computing time.
The calculation time of several methods compared to the number of measurements is shown in
Fig. 8. Time is measured starting from reading the image from the hard disk. Because of the same
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Fig. 7. Relationship between PSNR and the SNR (dB) of the object path’s total light intensity B. The
images are (a) the binary image “Slits” and (b) the grayscale image “Lena,” both of 128 × 128 pixels,
respectively, and the numbers of measurements are all 3000.

Fig. 8. Relationship between computing time and the number of measurements, N, by GI, DGI, BDGI,
and CSGI. The image used was “Lena” and speckles are 128 × 128 pixels. (Computer configuration:
Intel Xeon CPU E5-1650V4, 3.6 GHz; RAM: 64.0 GB.).

computational complexity, the two curves for GI and DGI in Fig. 8 coincide. Three DGI operations
are performed in the third-order BDGI process, so the computing time is a factor of 3 higher than
that of GI (DGI). In addition, CSGI costs more and more time with the number of measurements
increasing, whereas computing time for BDGI increases just linearly. Owing to the compressed
sensing algorithm, CSGI requires the construction of a large observation matrix (N × K), where the
large number of measurements, N, and the giant image with numerous pixels, K, will lead to long
computing time. Furthermore, for grayscale images, BDGI yields a similar imaging effect to that
of CSGI as shown in Fig. 6, so it may be advantageous. Accordingly, less time is spent in BDGI
than in CSGI, especially for a large number of measurements or a large image with many pixels.
Moreover, only an algebraic formula is used in our method, so fewer memory resources are used
without the need to construct and compute a huge matrix.

To prove the validity with noise and error of this method in practice, experimental results of “Slits”
(100 × 100 pixels) reconstructed by various methods with different numbers of measurements,
N, are shown in Figs. 9 and 10. The experimental system was set up as shown in Fig. 1, where
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Fig. 9. Experimental results of 100 × 100 pixel image “Slits” obtained by GI, BGI, DGI, BDGI, and CSGI
for 500, 1000, and 2500 measurements. The orders of BGI and BDGI are both 3.

Fig. 10. Experimental results between PSNR and the number of measurements, N, of 100 × 100 pixel
image “Slits” obtained by GI, BGI, DGI, BDGI, and CSGI. The orders of BGI and BDGI are both 3.

Z1 = Z2 = 650 mm, the focal length f of the lens was 250 mm, and the transmission aperture of the
lens was L1 = 10 mm. The object was the same as the previous binary image: “Slits” (slit width a =
30 μm, slit height h = 300 μm, and center-to-center separation d = 60, 120, 180 μm). For different
methods using the same optical setup, data processing of the image was different, with third-order
BGI and BDGI being used.

The results in Figs. 9 and 10 verify the effectiveness of our method. As the number of mea-
surements, N, increases, the images become clearer for all the methods. The imaging results
reconstructed by using the original GI are contaminated by noise generated in the imaging process.
DGI and the third-order BGI can relatively improve the results to some extent. But, the edge is still
fuzzy. However, the third-order BDGI continues to enhance the visual effects and reduce the noise
level while making the edge of the image distinct. In addition, the great superiority of CSGI in Fig. 6,
in which the imaging results are close to the original image, is not reflected. For PSNR, there is no
significant difference between BDGI and CSGI. This illustrates that BDGI can achieve performance
similar to that of CSGI in actual applications with noise and interference.

4. Conclusion
In conclusion, we have proposed a novel reconstruction approach for GI, BGI, and BDGI. In the new
method, the binomial theorem is used to construct weighted sums to reduce the influence of noise
introduced by the imaging formula on imaging. Experimental and simulation results show that the
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third-order BDGI can enhance the PSNR compared with DGI to achieve satisfactory results. The
results have proved that the third-order BDGI can be considered optimal. For grayscale images, the
BDGI method can yield similar imaging results to those of CSGI. In addition, it is superior to CSGI in
terms of robustness. Above all, CSGI and PGI use the observation matrix to find the least-squares
solution of the matrix equation, so their computational complexity and computation time are much
higher than those of BDGI. We believe that this technology can further speed up the application
process of GI.

References
[1] T. B. Pittman, Y. H. Shih, D. V. Strekalov, and A. V. Sergienko, “Optical imaging by means of two-photon quantum

entanglement,” Phys. Rev. A, vol. 52, no. 5, pp. R3429–R3432, 1995.
[2] D. V. Strekalov, A. V. Sergienko, D. N. Klyshko, and Y. H. Shih, “Observation of two-photon “ghost" interference and

diffraction,” Phys. Rev. Lett., vol. 74, no. 18, pp. 3600–3603, 1995.
[3] R. S. Bennink, S. J. Bentley, and R. W. Boyd, “Two-Photon” coincidence imaging with a classical source,” Phys. Rev.

Lett., vol. 89, no. 11, 2002, Art. no. 113601.
[4] R. S. Bennink, S. J. Bentley, R. W. Boyd, and J. C. Howell, “Quantum and classical coincidence imaging,” Phys. Rev.

Lett., vol. 92, no. 3, 2004, Art. no. 033601.
[5] A. Gatti, E. Brambilla, M. Bache, and L. A. Lugiato, “Ghost imaging with thermal light: Comparing entanglement and

classical correlation,” Phys. Rev. Lett., vol. 93, no. 9, 2004, Art. no. 093602.
[6] M. D’Angelo and Y. H. Shih, “Quantum imaging,” Laser Phys. Lett., vol. 2, no. 12, pp. 567–596, 2005.
[7] F. Ferri, D. Magatti, A. Gatti, M. Bache, E. Brambilla, and L. A. Lugiato, “High-resolution ghost image and ghost

diffraction experiments with thermal light,” Phys. Rev. Lett., vol. 94, no. 18, 2005, Art. no. 183602.
[8] R. E. Meyers and K. S. Deacon, “Quantum ghost imaging experiments at ARL,” Proc. SPIE, vol. 7815, no. 2, 2010, Art.

no. 78150I.
[9] J. H. Shapiro and R. W. Boyd, “The physics of ghost imaging,” Quantum Inf. Process., vol. 11, no. 4, pp. 949–993,

2012.
[10] S. Q. Nan et al., “Experimental investigation of ghost imaging of reflective objects with different surface roughness,”

Photon. Res., vol. 5, no. 4, pp. 372–376, 2017.
[11] P. Ryczkowski, M. Barbier, A. T. Friberg, J. M. Dudley, and G. Genty, “Ghost imaging in the time domain,” Nat. Photon.,

vol. 10, no. 3, pp. 167–170, 2016.
[12] B. I. Erkmen and J. H. Shapiro, “Ghost imaging: From quantum to classical to computational,” Adv. Opt. Photon., vol. 2,

no. 4, pp. 405–450, 2010.
[13] P. A. Moreau, E. Toninelli, T. Gregory, and M. J. Padgett, “Ghost imaging using optical correlations,” Laser Photon.

Rev., vol. 12, no. 1, 2017, Art. no. 1700143.
[14] M. J. Padgett and R. W. Boyd, “An introduction to ghost imaging: Quantum and classical,” Philos. Trans. Roy. Soc. A,

vol. 375, no. 2099, 2017, Art. no. 20160233.
[15] D. Zhang, Y. H. Zhai, L. A. Wu, and X. H. Chen, “Correlated two-photon imaging with true thermal light,” Opt. Lett.,

vol. 30, no. 18, pp. 2354–2356, 2005.
[16] N. A. Tian, Q. C. Guo, A. L. Wang, D. L. Xu, and L. Fu, “Fluorescence ghost imaging with pseudothermal light,” Opt.

Lett., vol. 36, no. 16, pp. 3302–3304, 2011.
[17] S. Karmakar, R. Meyers, and Y. Shih, “Ghost imaging experiment with sunlight compared to laboratory experiment with

thermal light,” Proc. SPIE, vol. 8518, no. 2, 2012, Art. no. 851805.
[18] H. Wu, C. L. Wang, and W. L. Gong, “Ghost imaging via sparse structured illumination source,” Opt. Exp., vol. 26, no. 4,

pp. 4183–4191, 2018.
[19] D. Pelliccia, A. Rack, M. Scheel, V. Cantelli, and D. M. Paganin, “Experimental x-ray ghost imaging,” Phys. Rev. Lett.,

vol. 117, no. 21, 2016, Art. no. 113902.
[20] X. P. Wang and Z. H. Lin, “Nonrandom microwave ghost imaging,” IEEE Trans. Geosci. Remote, vol. 56, no. 8,

pp. 4747–4764, Aug. 2018.
[21] P. L. Zhang, W. L. Gong, X. Shen, and S. S. Han, “Correlated imaging through atmospheric turbulence,” Phys. Rev. A,

vol. 82, no. 3, 2010, Art. no. 033817.
[22] W. L. Gong and S. H. Han, “Correlated imaging in scattering media,” Opt. Lett., vol. 36, no. 3, pp. 394–396, 2011.
[23] X. Yao, W. Zhang, H. Li, L. X. You, Z. Wang, and Y. D. Huang, “Long-distance thermal temporal ghost imaging over

optical fibers,” Opt. Lett., vol. 43, no. 4, pp. 759–762, 2018.
[24] C. J. Deng, L. Pan, C. L. Wang, X. Gao, W. L. Gong, and S. S. Han, “Performance analysis of ghost imaging lidar in

background light environment,” Photon. Res., vol. 5, no. 5, pp. 431–435, 2017.
[25] B. I. Erkmen, “Computational ghost imaging for remote sensing,” J. Opt. Soc. Amer. A, vol. 29, no. 5, pp. 782–789,

2012.
[26] P. Clemente, V. Duran, V. Torres-Company, E. Tajahuerce, and J. Lancis, “Optical encryption based on computational

ghost imaging,” Opt. Lett., vol. 35, no. 14, pp. 2391–2393, 2017.
[27] O. Katz, Y. Bromberg, and Y. Silberberg, “Compressive ghost imaging,” Appl. Phys. Lett., vol. 95, no. 13, 2009, Art.

no. 131110.
[28] F. Ferri, D. Magatti, L. A. Lugiato, and A. Gatti, “Differential ghost imaging,” Phys. Rev. Lett., vol. 104, no. 25, 2010, Art.

no. 219902.
[29] W. L. Gong and S. S. Han, “A method to improve the visibility of ghost images obtained by thermal light,” Phys. Lett. A,

vol. 374, no. 8, pp. 1005–1008, 2010.

Vol. 10, No. 6, December 2018 3901713



IEEE Photonics Journal Object Reconstruction Using the Binomial Theorem for GI

[30] P. Zerom, K. W. C. Chan, J. C. Howell, and R. W. Boyd, “Entangled-photon compressive ghost imaging,” Phys. Rev. A,
vol. 84, no. 6, 2011, Art. no. 061804.

[31] B. Q. Sun, S. S. Welsh, M. P. Edgar, J. H. Shapiro, and M. J. Padgett, “Normalized ghost imaging,” Opt. Exp., vol. 20,
no. 15, pp. 16892–16901, 2012.

[32] W. Wang, Y. P. Wang, J. H. Li, X. X. Yang, and Y. Wu, “Iterative ghost imaging,” Opt. Lett., vol. 39, no. 17, pp. 5150–5153,
2014.

[33] X. R. Yao et al., “Iterative denoising of ghost imaging,” Opt. Exp., vol. 22, no. 20, pp. 24268–24275, 2014.
[34] C. Zhang, S. X. Guo, J. S. Cao, J. Guan, and F. L. Gao, “Object reconstitution using pseudo-inverse for ghost imaging,”

Opt. Exp., vol. 22, no. 24, pp. 30063–30073, 2014.
[35] W. L. Gong, “High-resolution pseudo-inverse ghost imaging,” Photon. Res., vol. 3, no. 5, pp. 234–237, 2015.
[36] M. J. Sun, M. F. Li, and L. A. Wu, “Nonlocal imaging of a reflective object using positive and negative correlations,”

Appl. Opt., vol. 54, no. 25, pp. 7494–7499, 2015.
[37] C. Yang et al., “Scalar-matrix-structured ghost imaging,” Photon. Res., vol. 4, no. 6, pp. 281–285, 2016.
[38] H. W. Zhang, S. X. Guo, C. Zhang, C. Yang, J. S. Cao, and F. L. Gao, “Pseudo-inverse iterative denoising method for

object reconstruction of ghost imaging,” Acta Photon. Sin., vol. 46, no. 2, 2017, Art. no. 210001.
[39] X. F. Lv et al., “Experimental investigation of iterative pseudoinverse ghost imaging,” IEEE Photon. J., vol. 10, no. 3,

Jun. 2018, Art. no. 3900708.
[40] L. Wang and S. Zhao, “Fast reconstructed and high-quality ghost imaging with fast walsh–hadamard transform,” Photon.

Res., vol. 4, no. 6, pp. 240–244, 2016.
[41] D. W. Liu et al., “Complementary normalized compressive ghost imaging with entangled photons,” IEEE Photon. J.,

vol. 10, no. 2, Apr. 2018, Art. no. 7500507.

Vol. 10, No. 6, December 2018 3901713



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


