234 Photon. Res. / Vol. 3, No. 5 / October 2015

W. Gong

High-resolution pseudo-inverse ghost imaging

Wenlin Gong

Key Laboratory for Quantum Optics and Center for Cold Atom Physics of CAS, Shanghai Institute of Optics and
Fine Mechanics, Chinese Academy of Sciences, Shanghai 201800, China (gongwl@siom.ac.cn)

Received June 19, 2015; revised July 21, 2015; accepted July 21, 2015;
posted July 23, 2015 (Doc. ID 243400); published August 21, 2015

We present a pseudo-inverse ghost imaging (PGI) technique which can dramatically enhance the spatial transverse
resolution of pseudo-thermal ghost imaging (GI). In comparison with conventional GI, PGI can break the limitation
on the imaging resolution imposed by the speckle’s transverse size on the object plane and also enables the
reconstruction of an N-pixel image from much less than N measurements. This feature also allows high-resolution
imaging of gray-scale objects. Experimental and numerical data assessing the performance of the technique are

presented. © 2015 Chinese Laser Press
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1. INTRODUCTION

Ghost imaging (GI), which is based on the quantum or
classical correlation of fluctuating light fields, has been
demonstrated theoretically and experimentally to show that
an unknown object can be nonlocally imaged without being
scanned by using a single-pixel detector at the object path
[1-10]. Because all the photons reflected (or transmitted)
from the object illuminate the same single-pixel detector, this
technique has the capability of being highly sensitive in detec-
tion and offers great potentialities with respect to standard
conventional imaging [11-15]. For example, the dosage of
fluorescence protein used for GI can be dramatically reduced
compared with modern fluorescence-imaging methods in bio-
medical imaging, and the imaging in the wavebands without
cameras can be achieved with a single pixel detector.
Other potentialities are in the direction of high efficiency in
information extraction, where an N-pixel image can be recon-
structed from less than N measurements because the mea-
surement mechanism of GI is random and global [8,16,17].
Due to these remarkable features, GI has been gradually ap-
plied to biomedical imaging [12,13], remote sensing [14,15],
optical encryption [18], secure key distribution [19], and so
on. However, the spatial resolution of GI is limited by the
speckle’s transverse size on the object plane, and improving
its spatial transverse resolution becomes a key issue
[5,9,20,21]. When the object’s sparsity has been taken as
a priori, ghost imaging via sparsity constraint (GISC) has
been experimentally demonstrated to show that the spatial
transverse resolution of GI can be enhanced for simple binary
objects (transmission 0 or 1), but the reconstruction time is
much longer than the conventional GI method and the
high-resolution capability for a low-contrast object or gray-
scale object has not been reported [20,21]. Even if GISC
can improve the imaging resolution of low-contrast or gray-
scale objects, the improvement degree of imaging resolution
may be limited because these objects are not sparse. In real
sensing and imaging applications, the object is usually gray-
scale. Therefore, in order to promote and expand the practical
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applications of GI, it is imperative to develop a universal and
real-time high-resolution GI method for gray-scale objects.
Recently, the object’s ghost image has been reconstructed
by a pseudo-inverse method, and the measurement number
required for reconstructing GI with a good signal-to-noise ra-
tio is on the same order of magnitude as GISC [22]. However,
the object’s sparsity is not utilized. Based on the property of
the pseudo-inverse matrix, it is possible to enhance the spatial
resolution of GIL In this article, we present a pseudo-inverse
ghost imaging (PGI) method that dramatically improves the
spatial transverse resolution of GI and reconstructs an N-pixel
image from much less than N measurements even for gray-
scale objects. Based on previous GI research achievements,
PGI further paves the way for real applications of the GI pro-
tocol, with the possibility of exploiting all the advantages of GI
against standard conventional imaging.

2. EXPERIMENTAL SETUP AND IMAGE
RECONSTRUCTION

To demonstrate high-resolution PGI, we constructed the setup
illustrated in Fig. 1. The pseudo-thermal light source, which is
obtained by passing a collimated laser beam (with wavelength
A =650 nm and the source’s transverse size D = 4.0 mm)
through a slowly rotating ground glass disk [7,17], goes suc-
cessively through a hole with diameter Dy = 8.0 mm and a
lens f, and then is divided by a beam splitter into object
and reference paths. In the object path, the light goes through
a transmission object O and its transmitted image is imaged
onto a bucket detector D, by a standard conventional imaging
setup. In the reference path, the light propagates directly to a
CCD camera D,. Both the camera D, and the object are placed
on the conjugate plane of the hole.

In the framework of conventional GI, the object’s image
Ogi(x,y) can be reconstructed by computing the intensity cor-
relation between the speckle’s intensity distributions I (x, y)
recorded by the CCD camera D, and the total intensities B®
recorded by the bucket detector D, [8,9],
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Fig. 1. Experimental schematic of PGI with pseudo-thermal light.
The blue dashed line and the red solid line in the bottom right of
the schematic correspond to the GI reconstruction method
(Ogr = Y'(B-1(B))) and PGI reconstruction method (Opg =
Y(B - I(B))), respectively.
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Here, s denotes the sth measurement and K is the total
measurement number. In addition, when the numerical
aperture of the lens f; shown in Fig. 1 is large enough,
B = [dxdyl(x,y)O(x,y) (where O(x,y) is the object’s
transmission function) and we set I3 (x,y) = ali(x,y), where
a is a factor which takes into account any unbalancing (beam
splitter and detectors) between the two paths. (Bf) =
#ZK B* and (I§(x.y)) = + =K I(x,y) represent the ensem-
ble average of B® and I$(x,y), respectively.

Obviously, as shown in Fig. 1, Eq. (1) can be expressed as a
series of matrix operations. Provided that each of the speck-
le’s intensity distributions I35.(x, y) is an m x n image and the
object O is also an m x n image, then

Ot = (@ ~ [(@)7 (B~ I(B). @

Here, ® is a K x N(N = m x n) matrix and ®” denotes the
transposition of the matrix ®, namely
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Here, (®) = 11{25 1@ represents a 1 x N row vector and [
denotes a K x 1 column vector whose elements are all 1. In
addition, B = [B'B?---B* - .- BX]T denotes a K x 1 column vec-
tor and (B) represents the ensemble average of B. For the sth
measurement, because B* = a®°0O (®° denotes the sth row
vector of the matrix ® and the object O can be represented
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as a N x 1 column vector), then B = a®0O and Eq. (2) can
be further described as

Ot = 2 (@~ (@) (@~ 1(@)0

= I%‘PT‘PO. @)

Here, ¥ = ® - I(®). From Eq. (4), it is clearly observed that
YTY¥ is an N x N matrix. In a pseudo-thermal light GI system,
when the data in the middle row of the matrix Y7V is plotted
by a curve, the number of peaks P above the curve’s full-width
at half-maximum is in proportion to the speckle’s transverse
size on the object plane Arg (namely Ar, = Pd., Where
dpixel IS the transverse pixel size of the camera D, in the refer-
ence path), which determines the spatial transverse resolution
of GL Therefore, in order to improve the spatial imaging
resolution, we usually decrease the speckle’s transverse size
illuminating the object for conventional GI, which makes the
matrix Y7V be close to a diagonal matrix.

Pseudo-inverse imaging has been widely applied in the field
of signal processing, which has various advantages such as
being simpler, faster, and capable of bringing out better recon-
structions [22-25]. Instead of W7, we try to reconstruct the
object by computing the intensity correlation between the
pseudo-inverse matrix ¥* and B. This technique is called
PGI, and we try to use Moore-Penrose pseudo-inverse to
acquire the pseudo-inverse matrix ¥ [23]. According to the
former discussion of the GI method, B = a®O in the GI sys-
tem shown in Fig. 1; then B - I(B) = a(® - I{®))0 = «¥0
and PGI can be expressed as

1
Opgr = I*{‘I”L(B - 1(B))

a
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Based on the character of the pseudo-inverse matrix, because
Y7 in Eq. (5) is close to an N x N scalar matrix as the mea-
surement number K is increased, then Opg; ~ O, which means
that the spatial transverse resolution of PGI is very high and
PGI may overcome the limitation of the speckle’s transverse
size on the object plane to the spatial transverse resolution.

3. EXPERIMENTAL AND SIMULATED
RESULTS

To verify the concept, Fig. 2 presents experimental results of
five slits (140 x 72 pixels, with pixel size of 6.0 pm x 6.0 pm)
and transmission aperture (“zhong” ring) (100 x 100 pixels) re-
constructed by GI and PGI methods in different measure-
ments K. The width of the five slits is @ = 30 pm and the
height is 250 pm. The center-to-center separation is d = 60,
120, 180, and 240 pm, respectively. The diameter of the aper-
ture (“zhong” ring) is 480 pm. The parameters listed in Fig. 1
are set as follows: z =200 mm, z; = 2f = 500 mm, and
2o = 2f1 =200 mm. The effective transmission apertures
for the lens f and the lens f; are about L = 2.4 mm and
L; = 20.0 mm, respectively. In addition, the pixel size of
the CCD camera is about 6.0 pm x 6.0 pm, and the exposure
time is set to 1 ms. According to the Rayleigh criterion,
the speckle’s transverse size on the object plane is
Arg =221 = 1652 ym. By K = 10,000 measurements and
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Fig. 2. Results of experimental demonstration of high-resolution
PGIL (a) ¥7¥; (b) GI reconstruction results using K = 10,000 mea-
surements. Left column of (c)—(g), ¥'¥ in different measurements
K; middle column of (c¢)—(g), five slits reconstructed by PGI method
in different measurements K; right column of (c)-(g), transmission
aperture (“zhong” ring) recovered by PGI method in different mea-
surements K. (¢) K = 1000 (the compression ratio 7 = A;':w =0.1,
namely 10% Nyquist limit); (d) K = 3000 (y = 0.3, namely 30%
Nyquist limit); (e) K = 5000 (y = 0.5, namely 50% Nyquist limit);
() K =8000 (7 = 0.8, namely 80% Nyquist limit); (g) K = 10,000
(n = 1.0, namely 100% Nyquist limit).

choosing the speckle patterns with 100 x 100 pixels to form a
10,000 x 10,000 matrix, the results of WY7¥ are shown in
Fig. 2(a) and the peak number above the distribution’s
full- width at half-maximum for the middle row of YTV is
P = 27; then Arg = Pdjyq ~ 162.0 pm, which is in accordance
with the result predicted by the Rayleigh criterion. Therefore,
as displayed in Fig. 2(b), neither the five slits nor the
aperture (“zhong” ring) can be resolved by the GI method.
However, using the PGI method, the object’s images can be
successfully reconstructed [middle column and right column
of Figs. 2(c)-2(g)]. Further, as the measurement number K is
increased [as shown in the left column of Figs. 2(c)-2(g)], it is
clearly observed that ¥ is closer to a scalar matrix and the
imaging quality of PGI will be better. In addition, for the ob-
jects such as the five slits and the aperture (“zhong” ring),
there are about N;, = 10,000 pixels and the reconstruction
of such objects requires at least N;, measurements for stan-
dard conventional imaging, which sets the measurement’s
Nyquist limit [8,17]. For PGI, however, as shown in
Figs. 2(c)-2(g), the object can only be achieved using the
measurement of 30% Nyquist limit.

To validate the applicability of high-resolution PGI for
more general images, Fig. 3 gives a numerical experimental
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Fig. 3. Numerical experimental demonstration of high-resolution
PGI for gray-scale objects. (a) Original object; (b) GI reconstruction
result using K = 10, 000 measurements; (c)—(g) reconstruction results
obtained by PGI method with compression ratio = 0.1, 0.3, 0.5, 0.8,
and 1.0, respectively.

demonstration of imaging a continuously varying gray-scale
object, i.e., a slide representing a detail of the famous picture
“lena” (100 x 100 pixels). Using the same experimental param-
eters as in Fig. 2, the matrix ® is composed by the intensities
recorded by the CCD camera D,, and the data B is obtained by
directly computing ®0O. Based on the GI method described in
Eq. (4), the reconstruction result is shown in Fig. 3(b).
Figures 3(c)-3(g) illustrate PGI results in a different compres-
sion ratio #, which is similar to the experimental results shown
in Figs. 2(c)-2(g). Therefore, we demonstrate that PGI can
dramatically improve the spatial transverse resolution of GI
even using the measurements far below the Nyquist limit.

To measure quantitatively the reconstruction quality of PGI
in different 7, the reconstruction fidelity is estimated by cal-
culating the peak signal-to-noise ratio (PSNR):

©6)

_ 2
PSNR = 10 x 1og10[(2p b ]

MSE |

Here, the bigger the PSNR value, the better the quality of the
recovered image. For a 0-255 gray-scale image, p = 8 and
MSE represents the mean square error of the reconstruction
image Opg With respect to the original object O, namely
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Fig. 4. Performance between PSNR and compression ratio # based
on the results obtained in Fig. 2. Solid curve with red squares shows
PGI reconstruction results of five slits and dashed curve with green
circles corresponds to PGI reconstruction results of the transmission
aperture (“zhong” ring).
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The dependence of PSNR on 7 for the five slits and trans-
mission aperture (“zhong” ring) is shown in Fig. 4. It is obvi-
ously seen that all curves increase with the compression ratio
n, which is also consistent with the results indicated in Fig. 2.

4. CONCLUSION

In conclusion, we have presented a PGI technique that enhan-
ces dramatically the spatial transverse resolution of the GI
protocol even when using measurements far below the
Nyquist limit. We also show that the technique is effective
for imaging realistic gray-scale objects. This technique will
pave the way for the use of GI in many sensing or imaging
problems, such as imaging in the wavebands without cameras,
and in optically harsh environments, remote sensing, micros-
copy in biology, and material and medical sciences.
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