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Ghost imaging (GI) offers great potential with respect to conventional imaging techniques. It is an open problem in
GI systems that a long acquisition time is be required for reconstructing images with good visibility and signal-to-noise
ratios (SNRs). In this paper, we propose a new scheme to get good performance with a shorter construction time. We
call it correspondence normalized ghost imaging based on compressive sensing (CCNGI). In the scheme, we enhance the
signal-to-noise performance by normalizing the reference beam intensity to eliminate the noise caused by laser power
fluctuations, and reduce the reconstruction time by using both compressive sensing (CS) and time-correspondence imaging
(CD techniques. It is shown that the qualities of the images have been improved and the reconstruction time has been
reduced using CCNGI scheme. For the two-grayscale “double-slit” image, the mean square error (MSE) by GI and the
normalized GI (NGI) schemes with the measurement number of 5000 are 0.237 and 0.164, respectively, and that is 0.021
by CCNGI scheme with 2500 measurements. For the eight-grayscale “lena” object, the peak signal-to-noise rates (PSNRs)
are 10.506 and 13.098, respectively using GI and NGI schemes while the value turns to 16.198 using CCNGI scheme. The
results also show that a high-fidelity GI reconstruction has been achieved using only 44% of the number of measurements
corresponding to the Nyquist limit for the two-grayscale “double-slit” object. The qualities of the reconstructed images
using CCNGI are almost the same as those from GI via sparsity constraints (GISC) with a shorter reconstruction time.
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1. Introduction

Ghost imaging (GI), also called coincidence imaging or
correlated imaging, has attracted much attention recently. !!~10]
In a GI system, the image of an object is retrieved by using
two spatially correlated beams, a signal beam and a reference
beam. The signal beam after illuminating an object is col-
lected with a bucket detector with no spatial resolution. The
reference beam never interacts with the object and is detected
by a pixel-related detector. By correlating the reference beam
with the bucket signal, the “ghost image” will be recovered in
the reference beam.

The first GI scheme was proposed by Klyshko in
1980s,!" which was based on the entangled-photon pairs gen-
erated by spontaneous parametric down-conversion (SPDC).
Later, it was shown and demonstrated that GI could be realized
with classical light sources,®3%! especially pseudo-thermal
sources. Both entangled sources and thermal lights can be
used to realize GI, but thermal lights are more attainable in
comparison with quantum entanglement photon pairs.

It is an open problem in GI systems that a long acquisition
time is be required for reconstructing images with good visi-
bility and signal-to-noise ratio (SNR). To improve the quality
of the reconstructed image in the GI system, Gong et al. pro-
posed a method based on the correlation measurement of in-
tensity fluctuations in time—space-average domain to improve

DOI: 10.1088/1674-1056/23/5/054203

the visibility of ghost images.['*! Later, Ferri et al. presented
a differential ghost imaging (DGI) scheme to greatly enhance
the SNR of imaging.[!>! Similarly, Sun et al. proposed a nor-
malized ghost imaging (NGI) to obtain a higher quality of
the imaging via eliminating the noise caused by laser power
fluctuations.!'®! It had shown that the SNR performance of the
NGI scheme was matched to that of DGI scheme. ! In addi-
tion, a new imaging approach called ghost imaging via spar-
sity constraints (GISC) was shown to be able to reconstruct
pseudo-thermal GI with high quality.[!”]

Simultaneously, two methods have been developed to re-
duce the reconstruction time in a GI system. One method
uses a compressive sensing (CS) technique.3”-38! For exam-
ple, Katz et al. proposed a compressive GI scheme, which
reduced the required acquisition time significantly.!'3! Han ez
al. presented some effective GI schemes with compressive

g, 11924 and we gave a differential compressive corre-

sensin
lated imaging with a shorter reconstruction time.?> The other
methods use the time-correspondence technique. 28! For in-
stance, Luo ef al. presented a time-correspondence imaging
(CI) scheme to decrease the reconstruction data to the half of
normal reconstruction measurements. 26271

In this paper, we present a novel GI scheme by integrat-
ing the normalizing technique, the CS technique, and the CI
technique. In the scheme, we enhance the SNR performance

by normalizing the reference beam intensity to eliminate the
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noise caused by laser power fluctuations, and reduce the re-
constructing time by using both CS and CI techniques. We
name it the correspondence normalized ghost imagining based
on compressive sensing (CCNGI) scheme. It is shown that
the image qualities have been improved and the reconstruction
time has been reduced. The CCNGI is a scheme with a short
reconstructing time and a good signal-to-noise ratio.

2. Correspondence normalized GI based on
compressive sensing

In this section, we present the CCNGI scheme and the
theoretical analysis of the performance of the scheme. We first
give the CCNGI scheme.

The schematic diagram of CCNGI scheme is shown in
Fig. 1. CCNGI scheme is a lensless GI system with pseudo-
thermal light. The pseudo-thermal light is divided into two
spatially correlated beams by a 50:50 beam splitter (BS), the
signal beam (SIG), and the reference beam (REF). The signal
beam illuminates the object at distance z; from the source, and
the bucket signal is collected with a bucket detector, where S;
denotes the measurement value of the i-th observation of the
bucket detector. The reference beam is detected by a CCD
with distance z;. Here, z; = z5 is assumed, ;(x,y) indicates
the light intensity distribution of the i-th measurement from
CCD, R; is obtained by summarizing the light intensity distri-
bution ;(x, y) at the reference beam, and S; is normalized to Sg,
where S} = S;/R;, (§') is defined as an ensemble average from
M measurements of S;.

For convenience, we also present the schematic diagram
of a traditional GI scheme and a normalized GI system in
Fig. 1. The components with a black dashed line represent the
traditional GI scheme, the red dashed one indicates the nor-
malized GI scheme, and the solid line is our proposed scheme.

In the CCNGI scheme, we utilize the CI technique to
choose the measurement data for compressive sensing. Here,

in the reference beam as the measurement matrix in com-
pressive sensing algorithm. For each ;(x,y)", i=1,..., M,
x,y=1,...,n, the matrix formula of the light intensity distri-
bution of all pixels on CCD is

Iy - L,
If=|: . ],
I, - I

nn

ey

where I" = [Li(x,y)"], I\, = L(x = my = n)". It
can be reformed to a one-dimensional vector I;” =
[y s s By B Iy 1) Using CI technique to
choose the measurements data, we only need select some of
the light intensity distributions {Z;(x,y)"} corresponding to
{8'}} as the measurement matrix in CCNGL. For example, p
measurements are enough. It was shown that the measure-
ments data using the CI technique are approximately the half
of that in the traditional GI scheme.[?7-28] Hence, the measure-
ment number p is at most equal to the half traditional mea-
surement numbers, that is p < M /2. Finally, the measurement
matrix for compressive sensing is

11 [t I
I+

2 — 1121 Ir%n )
'+ : . CE

Ip 1{’1 I{Jn A

It is a matrix with size of p x n?, where each row de-
notes the light intensity distribution for one measurement in
the reference beam, and each column represents p light inten-
sity values at position (x,y). Simultaneously, the correspond-
ing measurement vector is composed by S’ ,+ with size of p x 1.
According to the correlated imaging theory, S’ ,+ is the i-th nor-
malized observation value in the signal bucket detector, for
JI* (x,y)dxdy is approximately a constant for each observa-

we choose the measurement data S;* to compose the measure- tion
ment vectors {S;} in a compressive sensing algorithm, where ' I ][+ (x,9)T (x,y)dxdy
{Si*} are those measurements data which are greater than the S = [T+ (x,y)dxdy
ensemble average (S') in the signal beam. At the same time, o
. ~ + P
we select the corresponding measurements data {Z;(x,y)" } ~ CO/I,» (6, 3)T (x,y)dxdy, (i=1,....M), (3)
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Fig. 1. (color online) Schematic diagram of the experimental setup.
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Here, we note that the vectors {I;(x,y)"} are random and
most likely linearly independent. In addition, natural images
are sparse for most imaging tasks. That is, they contain many
coefficients close to or equal to zero when represented in an
appropriate basis (e.g., the discrete cosine transform, DCT).
We could apply the CS recovery algorithm to Eq. (3). It re-
quires solving the convex optimization program, for seeking
for the image Tcs which minimizes the /p-norm in the sparsity
basis

Tes = T(x,y) : argmin [T (x,y) ]|,
subject to

(x,y)dxdy, @

/Ixy

where Tcs is the reconstructed image, ¥ is the sparsity basis.

The performance of the proposed GI scheme is good be-
cause of two reasons. On the one hand, CCNGI scheme en-
hances the SNR performance by using NGI technique. In tra-
ditional GI (black dashed line part, GI), the image in terms of
T (x,y) is obtained by the second-order correlation function of
the intensity fluctuations of two detectors

Tai(x,y) = (O(x,y)ar)
= 37 X (= (D)~ 1)
SI&,y» (S)T(x9), )
the contribution to the reconstruction for each iteration i is
(S, (S)(Tx.y) -

=Y;/M means an ensemble average for M itera-

—

—~

Oi(xvy) = <I(x,y)>), (6)

where (-)
tions, and the final reconstruction is obtained by averaging
over all the iterations

Tai(x,y) = (O(x,y)ar).- (7

There exists another iterative algorithm which normalizes
each individual measurement S;, as well as the running average
instead, according to the reference signal R;, resulting in an ar-
guably more intuitive approach for dealing with time varying
noise source in NGI technique. The algorithm used to describe
each contribution to the reconstruction now is changed to

Si (S
O; === I; —(I 8
)= (3~ (o ) G- G, ®)
where (S;)/(Ri) =
measurements. If the objects are not pure phase objects, the
difference between the NGI and GI by the SNR performance
can be expressed as!!®]

(Si/R;) is assumed for a large number of

SNRyar _ |, T2
SNRgt 872

)

where T represents object transmission function, T denotes
average transmission function, and o 872 = T2 — T indicates
the variance.

On the other hand, CCNGI scheme reduces the recon-
struction time by utilizing both CS and CI techniques. First,
the reconstruction data with CI technique are approximately
the half of that in traditional GI. CI technique presents that
the target object information has already been in the reference
beam, the key to effectively extract the object information in
the reference beam is how to select those intensity distribution
Ii(x,y) to the contribution of the reconstruction. Utilizing the
CI technique, only the vectors {/;(x,y)*}, which correspond
to {S;"}, are chosen for the contribution to reconstruction in
the reference beam. Here, Si+ is the measurement value be-
ing greater than the average (S) in the signal beam. Normally,
the number of the vectors {/;(x,y) "} is approximately the half
of that of the vectors {/;(x,y)} in traditional GI scheme. Sec-
ondly, the images in CCNGI scheme are reconstructed using
the recovery algorithm of CS technique. The main idea be-
hind CS technique is to exploit the redundancy in the structure
of most natural signals/objects to reduce the number of mea-
surements required for faithful reconstruction. Hence, the pro-
posed GI scheme with CS technique will have higher imaging
efficiency and resolution.

3. Numerical simulations

To verify the performance of the CCNGI scheme, we
present some numerical simulations in this section. In order to
illustrate the performance of CCNGI objectively, we use mean
square error (MSE) and peak signal-to-noise ratio (PSNR) to
calculate the degree of deviation between the reconstructed
image and the original image. For an M x N size of image,
MSE and PSNR are defined as!*”!

2
Y (Xij—X'ij)
0<ieM0<j<N

MSE = 10
U ) (10

X2
PSNR = 101g /=% (4B 11
gysg (9B): an

where X;; and X';; represent the original and the recon-
structed images, respectively, Xmax 1s the maximum possible
pixel value of the image. Generally, the higher the PSNR is,
the better quality the reconstructed image has.

In the numerical simulations, the pseudo-thermal source
is generated by a Gaussian beam with wavelength A = 633 nm
under Fresnel-Huygens diffraction. The size of the images is
64 x 64 pixels. Orthogonal matching pursuit (OMP) algorithm
is used as the reconstruction algorithm, and DCT is selected as
the sparsity basis in the CS technique. Since the measurement
matrix is too big to operate in the laptop computer, we divide
the original image to 4 blocks and use the CCNGI scheme to
reconstruct the 32 x 32 pixels blocks individually. The laptop
is AMD Athlon(tm) P320 with 2.09 GHz dual-CPU and 2 GB
memory.
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The numerical simulations are taken for the differ-
ent grayscale objects with GI scheme, NGI scheme, GISC
scheme, and CCNGI scheme, respectively in Fig. 2, where
figure 2(a) is for the two-grayscale “double-slit”, figure 2(b)
is for a two-grayscale character “NUPT”, and figure 2(c) is
for an eight-grayscale “Lena” object. The number of measure-
ments using GI scheme and NGI scheme is set up to 5000, and
the number of measurements using CCNGI and GISC is 2500.
The direct evaluations for the imaging show that the quality of
reconstructed images using the CCNGI scheme are superior to
those using the NGI or GI schemes and are almost the same as
the results obtained using the GISC scheme. At the same time,
the PSNR values with the CCNGI scheme are much higher
than those with the GI and NGI scheme with a half measure-
ments number. Although the quality and the measurements
number using the CCNGI and GISC schemes are almost the
same, the measurement data for the reconstruction using CC-
NGI is half of that of GISC scheme for applying CI technique.

Because of the randomness of pseudo-thermal intensity
distribution in numerical simulations, we present the aver-
age MSE and PSNR values of the reconstructed image us-
ing GI, NGI, and CCNGI schemes over 10 times in Tables 1
and 2, respectively. It is shown that the qualities of the im-
ages using CCNGI have been improved greatly with the half
of measurements. For the “NUPT” character object, the av-
erage MSE over 10 times for the CCNGI scheme was 0.059,
which has been reduced to 28.095% of that using the tradi-
tional GI scheme, and has been reduced to 39.597% of that us-
ing the NGI scheme. The results from Table 2 also verify that
the CCNGI scheme has improved the qualities of the recon-
structed images in comparison with those from the traditional
GI scheme and the NGI scheme.

Figure 3 further shows the MSE curve against the differ-
ent measurement numbers using GI, NGI, GISC, and CCNGI
schemes for the double-slit object. As it can be seen from
the figure, the MSE flattens out for M > 1800 (43.9% for the
Nyquist limit of 64 x 64) with values of 0.03. The result also
shows that the MSE value obtained using CCNGI scheme is
lower than those found using NGI and GI schemes from O to
5000 measurements, and is almost the same as that using the
GISC scheme in the correlated imaging system. We further
compare the reconstruction time for the CCNGI scheme and
the GISC scheme in Fig. 4. The result shows that the recon-
struction time using CCNGI is much shorter than that using
the GISC scheme from 0 to 5000 measurements.

Table 1. Results of the average MSE.

Double-slit ~ NUPT Lena
GI 0.237 0.210 0.089
NGI 0.164 0.149 0.049
CCNGI 0.021 0.059 0.024
NGI decrease percent (GI) 30.802%  29.048% 44.944%
CCNGI decrease percent (GI) 91.139%  71.905% 73.034%
CCNGI decrease percent (NGI)  87.195%  60.403% 51.02%

Table 2. Results of the average PSNR values.

Double-slit ~ NUPT Lena
GI 6.253 6.778 10.506
NGI 7.852 8.268 13.098
CCNGI 16.579 12.256 16.198
NGI increase percent (GI) 25.572%  21.983% 24.672%
CCNGI increase percent (GI) 165.137%  80.820%  54.179%
CCNGl increase percent (NGI)  111.144%  48.234%  23.668%

Original object GI scheme NGI scheme CCNGI scheme GISC scheme
N
£
® _
=} .
PSNR =6.253 PSNR =7.852 PSNR =16.579 PSNR =16.010

(a) two- grayscale double-slit

F I

PSNR =6.778

PSNR =10.506

PSNR = 8.268
(b) two- grayscale NUPT character

PSNR =13.098
(c) eight- grayscale “Lena”

PSNR =12.256

PSNR =16.638

PSNR =16.198

Fig. 2. (color online) Comparison of the images from GI, NGI, and CCNGI schemes for different grayscale objects: (a) two-grayscale double-slit, (b)

two-grayscale NUPT character, and (c) eight-grayscale “Lena”.
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Fig. 3. (color online) Calculated mean square error (MSE) of the recon-

structed correlated imaging of “double-slit”as a function of the number
of measurements M.

90

0 1000 2000 3000 4000 5000

M

Fig. 4. (color online) The reconstruction time (RT) for correlated imag-
ing of “double-slit” as a function of the number of measurements M.

4. Conclusion

In the paper, we have proposed a CCNGI scheme with
a short reconstruction time and good MSE performance. We
have enhanced the SNR performance of the GI system by nor-
malizing the reference beam intensity to eliminate the noise
caused by laser power fluctuations, and have reduced the re-
construction time by using both CS and CI techniques. The
numerical simulation results show that the qualities of recon-
structed images using the CCNGI scheme are better than those
using NGI and GI schemes, and the number of measurements
has decreased greatly. With the 64 x 64 pixels image, the MSE
value tends to be stable when the measurement numbers is
1800. We also find that the double-slit object’s MSE by GI and
NGI schemes are 0.237, 0.164 respectively with 5000 mea-
surement numbers, and the MSE by CCNGI scheme is 0.021
with only 2500 measurement numbers. The CCNGI scheme
has better imaging quality and a less reconstructing time in
comparison with GI and NGI schemes. The results show that
for the “Lena” image object, the average MSE over 10 times
for CCNGI scheme has been reduced 73.034% as compared to
the result using the GI scheme, and has been reduced 51.02%
as compared to the result using NGI scheme. In addition, the

qualities of the reconstructed images using CCNGI are almost
the same as those using the GISC scheme with a shorter re-
construction time.
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